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ABSTRACT

Author: Henry, Laura K. PhD
Institution: Purdue University
Degree Received: August 2018
Title: The Regulatory Role of Isopentenyl Phosphate Kinase in Plants and the Evolution of
Terpenoid Diversity in Lamiaceae
Major Professor: Natalia Dudareva

Chapter 1 of this dissertation provides background information into the two plant terpenoid
biosynthetic pathways, the mevalonate (MVA) and 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathways. These pathways are responsible for the formation of the five-carbon building blocks
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These metabolites
are then condensed to form various chains of C5x terpenoids. The diversity of terpenoids within
the diverse Lamiaceae is also discussed.

Chapter 2 looks at the role of a homolog of the archeal gene isopentenyl phosphate kinase (IPK)
in plants. IPK is found in all sequenced plant genomes and acts in parallel with the canonical
MVA pathway to produce IPP and DMAPP. IPK returns the dephosphorylated metabolites
isopentenyl monophosphate (IP) and dimethylallyl monophosophate (DMAP), which act as
inhibitors for downstream terpenoid biosynthesis, to IPP and DMAPP.

Chapter 3 then looks at the perpetrator of dephosphorylated IPP and DMAPP by determining
whether this is specific or non-specific phosphorylation. This chapter provides evidence that two
members of the Nudix hydrolase family, Nudx1 and Nudx3, are responsible for this
dephosphorylation. De novo biosynthesis of IP, via overexpression of the Roseiflexus
castenholzii phosphomevalonate decarboxylase (MPD) suggests the importance of subcellular
sequestration of terpenoid metabolites as well as the importance of phosphomevalonate kinase
(PMK) on regulation of the MVA pathway.

Chapter 4 determines the evolutionary relationship of terpenoid biosynthesis in the diverse
Lamiaceae, or mint, family. Mints produce substantial quantities of mono- and sesquiterpenes
xv

xvi
and also produce geranyl pyrophosphate (GPP)-derived metabolites called iridoids. After
surveying the metabolite profiles and transcriptome data from 48 mint species, there is evidence
of correlation between those mint species producing iridoids and iridoid biosynthetic genes.
Likewise, a strong correlation was discovered between the presence/absence of iridoids and
expression of geraniol synthase (GES), the enzyme responsible for the branchpoint in the
production of iridoids or canonical monoterpenes.

xvi

1

CHAPTER 1.

1.1

LITERATURE REVIEW

Terpenoid biosynthesis in plants

Terpenoids constitute one of the most abundant and diverse classes of secondary, or specialized,
metabolites. These compounds are found across all domains of life but are produced in mass
amounts in plant species1. Plants produce tens of thousands of terpenoids, including both primary
and secondary metabolites containing terpenoid moieties. This class of compounds plays vital
roles in plant functions such as growth and development, photosynthesis and respiration,
membrane integrity, plant-plant interactions, and plant defense against pests and pathogens2 . In
addition to these roles, they also function as vital components for human health and consumption
as nutritional supplements, natural flavors, fragrances, pigments and dyes as well as commercial
interests as pharmaceuticals, biofuels, and polymers3 .

The basic five-carbon building blocks of terpenoid, or isoprenoid, biosynthesis are isopentenyl
pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP). In plants, two
pathways are responsible for the biosynthesis of IPP and DMAPP: the mevalonate (MVA)
pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway (Figure 1.1). While these
two pathways are compartmentally separated, metabolic crosstalk occurs between the two and
both pathways likely contribute to the formation of all terpenoids, albeit to varying degrees in
different species4–6. These C5 isoprenoid units are used to synthesize terpenoids via condensation
reactions. In the cytosol and the mitochondria, IPP and DMAPP form the C15 molecule farnesyl
pyrophosphate (FPP) used in the production of sesquiterpenes, sterols, brassinosteroids, and
triterpenes. Meanwhile, in the chloroplast, IPP and DMAPP form the C10 molecule geranyl
pyrophosphate (GPP) which is then utilized to produce monoterpenes. In the mitochondria, FPP
and IPP form the C20 compound geranylgeranyl pyrophosphate (GGPP) for the production of
diterpenes, polyprenols, and the prenyl motifs of ubiquinones. In the chloroplast, GGPP is
synthesized via the condensation of GPP and two molecules of IPP and can serve as a precursor
for synthesis of the prenyl side chains of chlorophylls, carotenoids, tocopherols, plastoquinones,
and phylloquinones.

1

2

Figure 1.1 The subcellular localization and downstream products of terpenoid biosynthesis in
plants.
The mevalonate (MVA) pathway begins in the cytoplasm with conversion of three molecules of
acetyl-CoA to form 3-hydroxy-3-methylglutaryl (HMG)-CoA. In the rate limiting step of the
pathway, HMG-CoA reductase (HMGR), which is anchored to the ER, converts HMG-CoA to
mevalonate. After phosphorylation, mevalonate phosphate (MVAP) enters the peroxisome where
it is converted to the five-carbon building block isopentenyl pyrophosphate (IPP). Once IPP and
its isomer dimethylallyl pyrophosphate (DMAPP) exit the peroxisome, they are either utilized by
farnesyl pyrophosphate (FPP) synthase used for the production of sesquiterpenes, sterols, and
triterpenes or they are transported to the mitochondria where they form FPP for sesquiterpene
formation or geranylgeranyl pyrophosphate (GGPP) for the production of ubiquinones,
diterpenes, and polyprenols. The 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway exists
entirely in the chloroplast where it begins with the condensation of pyruvate and glyceraldehyde
3-phosphate (GA-3P) to form 1-deoxy-D-xylulose 5-phosphate (DOXP) via the rate-determining
step of the MEP pathway, DOXP synthase (DXS). DOXP is then converted to MEP, by DOXP
reductase (DXR).

2
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Figure 1.1 (continued) After several reactions, IPP and DMAPP are synthesized from MEP and
then are prenylated to form either GPP, which produces monoterpenes, or GGPP, which
produces carotenoids, chlorophylls, phylloquinones, plastoquinones, and tocopherols.
1.1.1

The MVA pathway

The MVA pathway begins in the cytoplasm with the condensation of two molecules of acetyl
coenzyme A (acetyl-CoA) catalyzed by acetoacetyl-CoA thiolase (AACT) (Figure 1.2) while 3hydroxy 3-methylglutaryl-CoA synthase (HMGS) subsequently adds a third molecule of acetylCoA. In the rate-liming step of the MVA pathway, the resulting HMG-CoA is then reduced to
mevalonate by HMG-CoA reductase (HMGR). While HMGR is bound to the endoplasmic
reticulum (ER), its catalytic site faces the cytoplasm. Mevalonate kinase (MK) then
phosphorylates mevalonate to mevalonate 5-phosphate (MVAP). It has been hypothesized that
MVAP is then moved, by an unknown transporter, into the peroxisome for the remaining steps of
the MVA pathway where it is phosphorylated by phosphomevalonate kinase (PMK). Finally,
mevalonate diphosphate decarboxylase (MDD) converts MVAPP to IPP. The isopentenyl
diphosphate isomerase (IDI) is then able to generate DMAPP. Several studies show
contradictory localization for IDI with reports of IDIs existing in the peroxisome, mitochondria,
cytoplasm, and plastid; therefore, it is still unknown whether IPP is transported back into the
cytoplasm alone or co-transported with DMAPP for downstream prenylation of FPP7,8.

The above described reactions make up what is considered the classical, or canonical, MVA
pathway and were first identified and characterized over decades of extensive research in yeast,
plants, and animals3. However, some archaea and archaebacteria have been found to have a
slightly different order of reactions9. Chromosomal clustering in Methanocaldococcus jannaschii
uncovered a kinase in close proximity to MK; however, the enzyme did not have activity for
MVAPP, but rather had affinity for isopentenyl monophosphate (IP) and was named isopentenyl
phosphate kinase (IPK). As a functional PMK and MDD were never discovered in this species, it
was then hypothesized that another enzyme, phosphomevalonate decarboxylase (MPD), along
with IPK, was responsible for the final two steps of the MVA pathway. These reactions are
reversed from the classical MVA pathway in that MPD first converts MVAP to IP and then IPK
generates IPP by the phosphorylation of IP.

3

4
Archaebacterial species such as the Chloroflexi Roseiflexus castenholzii and the extremophile
Haloferax volcanii also contain this alternative MVA pathway10,11. Phylogenetic analysis
revealed that homologs of IPK are found in some animal species such as certain species of corals,
earthworms, and lobster, but that IPK was independently lost in other animal species. Most
strikingly, all known sequenced plant species contain a homolog of IPK, which will be further
discussed in Chapter 2. Analysis of the structure and substrate specificity of MPD in Chloroflexii
suggests that MPD likely evolved to MDD in species with the canonical MVA pathway11. This
evidence was further supported by the absence of an MPD homolog in plant and animal species.
Introduction of an archaebacterial MPD in tobacco is the subject of Chapter 3, and, along with
findings in Chapter 2, these results provide insight into a key regulatory mechanism of plant
terpenoid biosynthesis.

4
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Figure 1.2 The canonical mevalonate (MVA) pathway in plants.
Conversion of acetyl-CoA to the five-carbon building blocks isopentenyl pyrophosphate and
dimethylallyl pyrophosphate for the production of terpenoids.

5

6
Figure 1.2 (continued) Abbreviations: AACT, acetyl-CoA C-acetyltransferase; HMGS, 3hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase;
MK, mevalonate kinase; PMK, phosphomevalonate kinase; MDD, mevalonate pyrophosphate
decarboxylase; IPI, isopentenyl pyrophosphate isomerase; FPPS, farnesyl pyrophosphate
synthase; GGPPS, geranylgeranyl pyrophosphate synthase; acetyl-CoA, acetyl-Coenzyme A; Pi,
inorganic phosphate.
1.1.2

The MEP pathway

Unlike the MVA pathway, the MEP pathway resides entirely within a single compartment, the
chloroplast, where it begins with the condensation of D-glyceraldehyde 3-phosphate (GA-3P)
and pyruvate (Figure 1.3). This irreversible step is catalyzed by 1-deoxy-D-xylulose 5-phosphate
synthase (DXS). In the committed step of the MEP pathway DXP is converted to MEP by the
DXP reductoisomerase. The MEP cytidylyltransferase (MCT) converts MEP 4-(cytidine 5’
diphospho)-2-C-methyl-D-erythritol which is then phosphorylated on the C2-position. The 2-Cmethyl-D-erthritol 2,4-cyclodiphosphate synthase removes a cytidine monophosphate and
cyclizes the remaining compound while 4-hydroxy-3-methylbut-2-enyl-pyrophosphate (HMBPP)
synthase (HDS) catalyzes the formation of by HMBPP. Finally HMBPP reductase (HDR)
catalyzes the formation of both IPP and DMAPP.

Enzymes responsible for prenylation of IPP and DMAPP in the chloroplast vary between plant
species, though all known functional GPPSs are dimeric. Homodimeric GPPSs are found in
orchids (Phalaenopsis bellina), firs (Abies grandis) and the Norway spruce (Picea abies)12–14.
However, many plant species such as mints (Lamiaceae), hops (Humulus lupulus), Clarkia
breweri, and snapdragon (Antirrhinum majus) contain heterodimeric GPPSs15–18. These
heterodimeric GPPSs contain inactive small subunits as well as a large subunit that is either
inactive or can produce GGPP. When the two subunits are bound, the fully active protein can
synthesize GPP. Some species like Arabidopsis thaliana contain nonspecific polyprenyl
pyrophosphate synthases which can form polyprenyl chains up to 45 carbons in length19. While
plants consistently contain homologs for all of the MVA and MEP pathway genes, this is the first
step in terpenoid biosynthesis that is species-dependent.
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Figure 1.3 The methylerythiritol phosphate (MEP) pathway in plants.
The conversion of D-glyceraldehyde 3-phosphate and pyruvate to the five-carbon building
blocks isopentenyl pyrophosphate and dimethylallyl pyrophosphate.
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Figure 1.3 (continued) Abbreviations: DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DXR, 1deoxy-D-xylulose 5-phosphate reductase; MCT, 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase; CMK, 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase; MDS, 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, 4-hydroxy-3-methylbut-2-enyldiphosphate synthase; Fd, ferredoxin; HDR, 4-hydroxy-3-methylbut-2-enyl-diphosphate
reductase; IPI, isopentenyl pyrophosphate isomerase; GPPS, geranyl pyrophosphate synthase;
GGPPS, geranylgeranyl pyrophosphate synthase.
1.2

Regulation of and metabolic crosstalk between the MVA and MEP pathways

Because the MVA pathway contributes to cholesterol and steroid biosynthesis, regulation of the
MVA pathway has been studied extensively in yeast and mammals2. The MVA pathway relies
on both transcriptional regulation and posttranslational modifications in these models; however,
much about the regulation of this pathway in plants remains largely unknown.

One of the focuses of MVA regulation in plants has been on the rate-liming step of the MVA
pathway, HMGR. Posttranslation modifications by enzymes such as protein phosphatase 2A
(PP2A), which regulates AtHMGR1 positively and negatively, and sucrose non-fermenting 1related protein kinase 1 (SnRK1), which inactivates the catalytic region of HMGR, have been
shown to tightly regulate HMGR20,21. Conversely, other members of the MVA pathway can
upregulate HMGR. When HMGS from Brassica juncea was overexpressed in Arabidopsis,
HMGR and the downstream sterol biosynthetic genes sterol methyltransferase 2 (SMT2), delta24-sterol reductase (DWF1), C-22 sterol desaturase (CYP710A1), and brassinosteroid-t-oxidase 2
(BR6OX2) were upregulated which resulted in increased sterol formation22. Likewise, the ratedetermining step of the MEP pathway, DXS, is also subjected post-translational regulation as
IPP and DMAPP have been shown to allosterically inhibit DXS23. However, inhibitor studies
show that when IPP and DMAPP are limited DXS protein increases24.

Labeling and inhibitor studies have revealed metabolic crosstalk between the MVA and MEP
pathways. However, co-expression analysis illuminates few connections between the two
pathways and at times, even shows negative correlations between the two pathways. This is
likely due to the spatiotemporal expression of the two pathways. As the MEP pathway is
necessary for light reactions, it is likely more active during the day. In contrast, the MVA
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pathway does not directly contribute to photosynthesis and is likely not regulated diurnally for
downstream formation of products.

Although labeling studies support the transport of C5 and C10 metabolites across the chloroplast
membrane, only one transporter has been partially purified in plants25. Labeling experiments in
spinach using isolated chloroplasts from membrane vesicles exhibit efficient transport of IPP and
GPP and lower rates of transport of DMAPP and FPP as well as no observed transport of GGPP
and mevalonate across the membrane. The study suggests that the Ca2+-gated transporter is
unidirectional, transporting metabolites from the chloroplast to the cytoplasm. Despite this study,
a chloroplast isoprene transporter has not been fully characterized in plant species and therefore
it remains unknown exactly how this transport occurs.

1.3

Specialized metabolism in Lamiaceae

The Lamiaceae, or mint family, is the sixth largest angiosperm family with over 7000 species
worldwide26. Species from this family are classified by their rectangular stems, two fused carpels
and zygomorphic flowers containing four stamens. Members of this family include several
economically important herbs and trees such as peppermint and teak, respectively. The family
also includes basil (Ocimum basilicum), thyme (Thymus vulgaris), rosemary (Rosmarinus
officinalis), catnip (Nepeta cataria), and chia (Salvia hispanica).

Due to the robust diversity of terpenoid compounds, the oils of species of Lamiaceae have been
studied extensively over the past several decades with many of the characterized terpene
synthases having been identified from these species27. Monoterpenes often provide the
Lamiaceae with their signature flavors and odors, including menthol (peppermint), carvone
(spearmint), thymol (thyme), and carvacrol (oregano). Due to the accumulation of these and
other terpenoids in peltate glandular trichomes on the leaf epidermis, the Lamiaceae are
frequently studied as a resource for metabolic engineering28. While peppermint and spearmint
varieties are often sterile, some progress has been made, using mint transcription factors and
terpene synthases, to engineer terpenoid and terpenoid-derived compounds in other genera
containing glandular trichomes such as Nicotiana and Cannabis 29.

9

10
Another common class of secondary metabolites in Lamiaceae is the iridoids, a subclass of
monoterpenes. Like monoterpenes, iridoids are produced via GPP; however, the downstream
production of the two compound classes are unique (Figure 1.4). Although it is structurally
similar to monoterpene synthases (MTS), geraniol synthase (GES) catalyzes the conversion of
GPP to geraniol30. Then, geraniol is likely transported to the cytoplasm by an unknown
transporter where it is then converted to 8-oxogeraniol and subsequently oxidized to different
aldehydes. These aldehydes are then cyclized by iridoid synthase (ISY), forming the backbone of
most iridoid derivatives. This iridane skeleton then undergoes modifications by glycosylation,
methylation, and/or oxidation.

Iridoids are commonly found in plant species found in families in Apocynaceae, Lamiaceae,
Loganiaceae, Rubiaceae, Scrophulariaceae, and Verbenaceae but are also found in animal
species such as Euphydryas chalcedona and the family of ants known as Iridomyrmex, from
which iridoids received their name31. Due to their deterrent and sometimes bitter taste, iridoids
often act as defense compounds against herbivores and microorganisms. However, these
compounds are often investigated for their roles pharmaceutical roles especially for their ability
to act as anti-tumor and anti-inflammatory agents32.

The diversity of terpenoid biosynthesis in the Lamiaceae family provides an opportunity to study
the evolutionary events involved in specialized metabolism. As these species exhibit vast
geographical distribution and thus have both gain and loss of function mutations to drive their
environmental adaptations as discussed in Chapter 4. Using a combination of evolutionary
biology, bioinformatics, and biochemistry, these mutations and adaptations can be identified
across the Lamiaceae.
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Figure 1.4 Monoterpene and iridoid biosynthesis in Lamiaceae.
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Figure 1.4 (continued) Monoterpene and iridoids biosynthesis in Lamiaceae. IPP and DMAPP
form GPP. Resonance creates a geranyl cation that is used as a branchpoint for the biosynthesis
of geraniol, acyclic monoterpenes, or an α-terpinyl cation for the production of cyclic
monoterpenes. Abbreviations: GPPS-SSU, geranyl pyrophosphate synthase small subunit;
GPPS-LSU, geranyl pyrophosphate synthase large subunit; MTS, monoterpene synthases; GES,
geraniol synthase; G8H, geraniol 8-hydroxylase; 8HGO, 8-hydroxygeraniol oxidoreductase; ISY,
iridoid synthase.

1.4

Summary

This dissertation aims to answer the following questions: i) what is the role of isopentenyl
phosphate kinase in plants, ii) does dephosphorylation of isopentenyl pyrophosphate occur by the
action specific or nonspecific phosphatases, iii) what is the effect of de novo production of
isopentenyl phosphate on downstream terpenoid production and iv) can we utilize a
multidisciplinary approach to examine chemoevolution in plants. These questions will help test
the hypotheses that ratio of IPP/DMAPP to IP/DMAP play a key role in controlling flux towards
downstream terpenoid formation and that isopentenyl phosphate kinase serves as an important
regulatory mechanism by modulating this ratio of monophosphates and diphosphates.
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CHAPTER 2.
ORTHOLOGS OF THE ARCHAEAL ISOPENTENYL
PHOSPHATE KINASE REGULATE TERPENOID PRODUCTION IN
PLANTS

2.1

Summary

Terpenoids, compounds found in all domains of life, represent the largest class of natural
products with essential roles in their hosts. All terpenoids originate from the five-carbon building
blocks, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), which
can be derived from the mevalonic acid (MVA) and methylerythritol phosphate (MEP) pathways.
The absence of two components of the MVA pathway from archaeal genomes led to the
discovery of an alternative MVA pathway with isopentenyl phosphate kinase (IPK) catalyzing
the final step, the formation of IPP. Despite the fact that plants contain the complete classical
MVA pathway, IPK homologs were identified in every sequenced green plant genome. Here, we
show that IPK is indeed a member of the plant terpenoid metabolic network. It is localized in the
cytosol and is coexpressed with MVA pathway and downstream terpenoid network genes. In
planta, IPK acts in parallel with the MVA pathway and plays an important role in regulating the
formation of both MVA and MEP pathway-derived terpenoid compounds by controlling the ratio
of IP/DMAP to IPP/DMAPP. IP and DMAP can also competitively inhibit farnesyl diphosphate
synthase. Moreover, we discovered a metabolically available carbon source for terpenoid
formation in plants that is accessible via IPK overexpression. This metabolite reactivation
approach offers new strategies for metabolic engineering of terpenoid production.

2.2

Introduction

All living organisms produce terpenoids, directing a considerable amount of their available
carbon to the biosynthesis of one of the most structurally and functionally diverse classes of
primary and secondary metabolites in nature (1). These molecules play essential and specialized
roles in their hosts in photosynthesis and respiration (the phytyl side-chain of chlorophyll,
quinones), modulating membrane fluidity (sterols), regulating growth and development
(hormones), photoprotection and energy transfer (carotenoids), and communication,
environmental adaptation, and chemical defense (mono-, sesqui-, and diterpenes) (2, 3). Some
This chapter is published as an article in Proceedings of the National Academy of Sciences of the United States
of America, Vol. 112, Issue 32, pp. 10050-10055. DOI: 10.1073/pnas.1504798112. Collaborator contributions
are included in the acknowledgements section.
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compounds, like quinones, chlorophylls, and certain proteins, which require targeting to
membranes for their functions, are anchored by terpenoid structures. In addition to their vital
biological roles, terpenoids are also widely used by humans as nutritional supplements, flavors,
fragrances, biofuels, and pharmaceuticals (4–6). Multiple metabolic pathways operate in parallel,
often intersect, and routinely exchange intermediates, leading to one of the most chemically
complex groups of natural products in the biosphere. Therefore, achieving a complete
understanding at both genetic and biochemical levels of the underlying regulatory networks that
coordinate and homeostatically govern these biosynthetic systems is of paramount importance to
fully capitalize on the utility of terpenoids to natural ecosystems and humans. All terpenoids
originate from C5 building blocks, isopentenyl diphosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP), which are synthesized by two independent pathways, the mevalonic acid
(MVA) and methylerythritol phosphate (MEP) pathways (Figure 2.1). Interestingly, these
pathways are not systematically distributed among the three domains of life: eukaryotes, archaea,
and bacteria. Although the MEP pathway is found in most bacteria, the MVA pathway resides in
the cytosol and peroxisomes of eukaryotic cells. Plants contain both the MEP and MVA
pathways, which act independently in plastids and cytosol/peroxisomes, respectively (Figure 2.1).
Nevertheless, metabolic cross-talk between these two pathways occurs via the exchange of
IPP—and to a lesser extent of DMAPP—in both directions (1, 2). IPP and DMAPP are
subsequently used in multiple compartments by short-chain prenyltransferases to produce prenyl
diphosphate intermediates, including geranyl diphosphate (GPP, C10), farnesyl diphosphate
(FPP, C15), and geranylgeranyl diphosphate (GGPP, C20). Whereas GPP synthases localize
exclusively in plastids and provide precursors for monoterpenes, FPP synthases (FPPS) localize
in cytosol and mitochondria and produce FPP for sesquiterpene, homoterpene, triterpene, sterol,
brassinosteroid, and polyprenol biosynthesis. GGPP synthases reside in plastids, mitochondria,
and the endoplasmic reticulum, producing precursors for gibberellins, homoterpenes, carotenoids,
phytyl side-chains for chlorophyll/tocopherols/quinones, polyprenols, oligoprenols, abscisic acid,
and strigolactones, among others. In contrast to plants, archaea rely exclusively on the MVA
pathway. Although some archaea have a complete MVA pathway (7), most lack genes encoding
the two final enzymes, phosphomevalonate kinase (PMK) and mevalonate 5-diphosphate
decarboxylase (MDD), catalyzing phosphorylation and ATP-dependent decarboxylation,
respectively (Figure 2.1). Instead of PMK, archaea possess isopentenyl phosphate kinase (IPK),
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catalyzing the conversion of isopentenyl phosphate (IP) to IPP (8, 9). The discovery of IPK
suggested the existence of a modified MVA pathway in archaea, with the last two enzymatic
steps hypothesized to occur in reverse order: initial ATP-dependent decarboxylation of
mevalonate 5-phosphate (MVAP) by a phosphomevalonate decarboxylase (MPD) to form IP,
followed by phosphorylation of IP to IPP by IPK (Figure 2.1). To date, MPD activity has been
identified in the Chloroflexi bacterium Roseiflexus castenholzii and the archaeal extremophile
Haloferax volcanii, thus providing evolutionary precedence for an alternative MVA metabolic
pathway (10, 11). Unexpectedly, functional IPK homologs were found in every sequenced plant
genome (10), despite the fact that plants contain a complete classic MVA pathway. The
ubiquitous presence of an IPP-generating kinase in the green plant lineage suggests that the
presence of IP, and its phosphorylation to IPP, may play a critical role in terpenoid metabolism
and homeostasis. Here, we show that IPK is indeed a member of the plant terpenoid metabolic
network. It is localized in the cytosol and plays an important role in modulating the formation of
FPP-derived terpenoid compounds by controlling the ratio of IP/dimethylallyl phosphate (DMAP)
to IPP/DMAPP. IP and DMAP can also serve as competitive inhibitors of FPPS. In addition, IPK
overexpression leads not only to increased production of FPP-derived terpenoids in the cytosol,
but also of GPP-derived compounds in plastids.
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Figure 2.1 Position and potential role of IPK in the plant terpenoid metabolic network.

19

20
Figure 2.1 Position and potential role of IPK in the plant terpenoid metabolic network. Cytosolic
and plastidial (highlighted in green) terpenoid metabolic pathways involved in the biosynthesis
of sterols, sesquiterpenes, and monoterpenes in plants with individual enzymes depicted as boxes.
The MVA pathway enzymes are highlighted in orange, the MEP pathway enzymes are
highlighted in white, and enzymes involved in downstream terpenoid formation are highlighted
in yellow. The enzymes with peroxisomal localization are depicted on a striped background. The
unknown transporters involved in IPP and IP exchange across the plastid envelope membranes
are shown in gray. Site of action of the MVA and MEP pathway-specific inhibitors (lovastatin
and fosmidomycin, respectively), as well as feed-forward inhibition of FPPS by IP/DMAP, are
indicated. The recently discovered MPD acting in the alternative MVA pathway in R.
castenholzii and H. volcanii is shown on a gray background. Dashed lines in sterol biosynthesis
represent multiple enzymatic steps. Abbreviations: AACT, aceto-acetyl-CoA thiolase; CMK, 4(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase; DXS, 1-deoxy-D-xylulose 5-phosphate
synthase; GA-3P, D-glyceraldehyde 3-phosphate; HDR, (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HMGS,
3-hydroxy-3-methylglutaryl-CoA synthase; HYD1, C-8,7 sterol isomerase; MCT, 2-C-methyl-D
erythritol 4-phosphate cytidylyltransferase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase; MK, mevalonate kinase; Phos, phosphatase(s); SQS, squalene synthase; TPS, terpene
synthases (including monoterpene synthases and sesquiterpene synthases).
2.3
2.3.1

Results
IPK is coexpressed with the MVA pathway and downstream terpenoid network genes and
the encode protein is localized in the cytosol

In plants, the MVA and MEP pathways provide IPP and DMAPP precursors for short-chain
prenyltransferases and ultimately for cellular terpenoid production. Therefore, to examine
whether IPK is part of the cytosolic or plastidial terpenoid biosynthetic network, we searched for
genes coexpressing with Arabidopsis thaliana IPK (AtIPK, At1g26640) using the ATTED-II
CoExSearch tool (12). The resulting list (Appendix A) containing the top 0.5% of genes
coexpressed with AtIPK includes acetoacetyl-CoA thiolase(AtAACT2/At5g48230), MDD
(AtMDD1/At2g38700), FPPSs (AtFPPS1/At5g47770 and AtFPPS2/At4g17190), squalene
synthase 1 (AtSQS1/At4g34640), and C-8,7 sterol isomerase (AtHYD1/At1g20050), suggesting
that IPK may be functionally connected to the MVA pathway and biosynthesis of downstream
terpenoids, including sesquiterpenes, triterpenes, and sterols (Figure 2.1). This finding raised the
question of whether plants harbor both the classic and an alternative MVA pathway in which
IPK catalyzes the final step in the formation of IPP. Because functional MPDs and MDDs
(Figure 2.1) share high sequence similarity, as previously noted (10), we searched the A. thaliana
protein database for potential MPD candidates using R. castenholzii MPD as the query sequence.
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The top hits included two annotated MDD homologs, AtMDD1 (At2g38700) and AtMDD2
(At3g54250), which shared 25% sequence identity with R. castenholzii MPD with e-values of
1e−4. Additional sequences retrieved gave e-values greater than 1.3 with little to no homology
noted. Thus, we tested substrate specificities of AtMDD1 and AtMDD2, as well as their ability
to catalyze the penultimate step in such an alternative pathway, the formation of IP from MVAP
(Figure 2.1). AtMDD1 and AtMDD2 steady-state kinetics using either mevalonate 5-diphosphate
(MVAPP) or MVAP as substrates at saturating concentrations of ATP revealed that both MDDs
have a 10,000-fold preference for MVAPP compared with MVAP (Table 2.1). Given their strong
substrate preference for MVAPP, it seems unlikely that in Arabidopsis IPK is part of an
alternative MVA pathway. Rather, in response to metabolic demands, IPK is likely to function in
reactivating a pool of IP generated by endogenous plant phosphatases and as part of a
homeostatic mechanism to balance the levels of IPP (10, 13–15).

The last two MVA pathway enzymes, PMK and MDD, as well as isopentenyl diphosphate
isomerase (IDI), catalyzing the interconversion of IPP and DMAPP, are localized in peroxisomes
(16, 17). To determine the site of IPK action, we established its subcellular localization. Analysis
of the amino acid sequence of AtIPK using multiple subcellular prediction programs (WoLF
PSORT, Predotar, and TargetP) did not reveal any known intracellular targeting sequences. To
experimentally demonstrate AtIPK subcellular localization, GFP was fused to the N or C
terminus of AtIPK and transiently expressed in tobacco. With both constructs, GFP signals were
only detected in the cytosol (Figure 2.2 A and B) and did not overlap with chlorophyll
autofluorescence (Figure 2.2 A and B), peroxisomal (Figure 2.2 D and E), or mitochondrial
(Figure 2.2 F) markers, indicating that—in contrast to PMK, MDD, and IDI—IPK is localized in
the cytosol.
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Table 2.1 Steady-state kinetic parameters for Arabidopsis thaliana MDDs with mevalonate 5diphosphate (MVAPP) and mevalonate 5-phosphate (MVAP).

Enzyme

AtMDD1

AtMDD2

KM

kcat

kcat/KM

(µM)
µ

-1

(s )

(s-1 M-1)

(R)-MVAPP

26 ± 3

3.2 ± 0.1

1.2 x 105 ± 0.1

(R)-MVAP

2800 ± 800

0.033 ± 0.004

1.2 x 101 ± 0.3

(R)-MVAPP

25 ± 3

3.2 ± 0.1

1.3 x 105 ± 0.2

(R)-MVAP

4600 ± 1100

0.034 ± 0.005

7.4 ± 2

Substrate
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Figure 2.2 Subcellular localization of IPK in plants.
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Figure 2.2 Subcellular localization of IPK in plants. Schematic diagrams of C-terminal (A, D,
and F) and N-terminal (B and E) GFP-fusion constructs with AtIPK as well as GFP alone (C),
peroxisomal KAT2 marker (D and E), and mitochondrial marker mt-rk (F) are shown on the left
with corresponding transient expression in tobacco leaves on the right. In A–C, GFP
fluorescence and chlorophyll autofluorescence are shown (Left and Center, respectively), and the
merged panels show the overlay of GFP and chlorophyll fluorescence. GFP alone and
chlorophyll autofluorescence were used as cytosolic and plastidic markers, respectively. D–F
show coinfiltration of AtIPK GFP constructs with peroxisomal and mitochondrial markers,
labeled with RFP (Center). The merged panels show the overlay of GFP and RFP fluorescence.
(Scale bars, 5 μm.)
2.3.2

IPK in planta acts in parallel with the MVA pathway and regulates the formation of FPPderived terpenoids

A. thaliana IPK was previously identified and kinetically characterized in vitro using IP as a
substrate (10). Because thermophilic archaeal IPKs are promiscuous with regard to substrate use
(18), we analyzed whether AtIPK can also use DMAP and geranyl phosphate (GP) as substrates.
Steady-state kinetics with these alternative substrates revealed that, like archaeal IPKs, AtIPK
can phosphorylate DMAP and GP. The catalytic efficiency with DMAP was similar to that of IP,
whereas three orders-of-magnitude lower catalytic efficiency was observed for the 10-carbon GP
molecule, where high enzyme concentrations were required to detect even negligible turnover
(Table 2.2).

To further characterize IPK’s in vivo role, we used reverse genetics and obtained two
Arabidopsis T-DNA insertion lines (ipk-1, ipk-2) (Figure 2.3 A). Quantitative RT-PCR (qRTPCR) with two sets of gene-specific primers, one located upstream of T-DNA insertions and the
other downstream near the 3′ end of the gene (Figure 2.3 A), were performed to analyze AtIPK
mRNA levels in mutants. No AtIPK transcripts were detected in ipk1, whereas transcript levels
were reduced by 83% in ipk-2, with remaining expression likely a result of residual splicing
despite the intron-localized T-DNA insertion (Figure 2.4 A). Sterol levels were analyzed in these
mutant plants because these cyclic terpenoids represent the key metabolites to which a
significant portion of the MVA pathway isoprenoid flux is directed (1). Both ipk-1 and ipk-2
seedlings showed a significant decrease in campesterol and sitosterol content (50% and 37% of
wild-type, respectively), while the stigmasterol levels were unchanged (Figure 2.4 D), indicating
that AtIPK knockout or knockdown affects formation of two of the three predominant
Arabidopsis sterols. Similar sterol levels in knockout (ipk-1) and knockdown (ipk-2) mutants
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indicate that remaining AtIPK expression in ipk-2 supports only marginal flux toward
IPP/DMAPP formation without increasing downstream terpenoid production relative to the null
ipk knockout. The lack of reduction in stigmasterol levels suggests that the reduced pool of
sitosterol, the immediate precursor of stigmasterol (Figure 2.1), is still sufficient to sustain
unaltered production of the latter. In addition, emission of β-caryophyllene, the most abundant
sesquiterpene compound in Arabidopsis (19, 20), was reduced by 25–31% in flowers of ipk
mutants compared with wild- type (Figure 2.4 E). These results suggest that in plants IPK indeed
plays a role in modulating the formation and pool sizes of FPP-derived terpenoids.

To examine the genetic interactions of IPK with the classic MVA pathway, we generated
ipk/mdd double-mutants. MDD is the last enzyme of the classic MVA pathway and, like IPK,
responsible for IPP formation (Figure 2.1). In Arabidopsis, MDD is encoded by two genes (1),
with AtMDD1 displaying the highest transcript levels (Figure 2.5) and coexpressing with AtIPK
(Appendix). AtMDD1 knockout lines, mdd1-1 and mdd1-2 (Figure 2.4 B and Figure 2.3 B),
showed decreases in campesterol and sitosterol contents (by 45–58% and 27–37%, respectively,
relative to wild-type) as well as decreases in β-caryophyllene emission (by 31–38% compared
with wild-type), similar to that observed in ipk mutants (Figure 2.4 D and E). Even more
profound effects were observed in ipk-1/mdd1-1 and ipk-2/mdd1-1 double mutants (Figure 2.4
C–E). The levels of sitosterol, the most abundant sterol in Arabidopsis, were further reduced
compared with the single-mutant lines (by 58–82% relative to wild-type) (Figure 2.4 D), but
there were no changes in the other two less-abundant sterols, campesterol and stigmasterol. The
absence of further effect on stigmasterol level could be because of the sitosterol precursor pool
being sufficient to sustain stigmasterol formation. Similar to sitosterol, emissions of βcaryophyllene were substantially decreased in ipk/mdd1 double-mutant plants relative to ipk and
mdd1 single mutant plants (Figure 2.4 E). Lesser effects on terpenoid formation observed in ipk2-knockdown/mdd1-1-knockout double-mutants (Figure 2.4 D and E) suggest that some
IPP/DMAPP flux is still achieved through IPK in this ipk knockdown line. Residual formation of
terpenoids in the ipk-1/mdd1-1 knockout double-mutant plants suggests that low expressing
AtMDD2 and the MEP pathway likely provide precursors for their biosynthesis (Figure 2.1).
Taken together, the additive effect on sitosterol and β-caryophyllene observed in double-mutant
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plants suggests that IPK acts in parallel with the MVA pathway in generating IPP/DMAPP and
subsequent terpenoid products.

Table 2.2 Steady-state kinetic parameters for Arabidopsis thaliana IPK.

KM

kcat

kcat/KM

(µM)

(s-1)

(s-1 M-1)

IP

32 ± 10

3.7 ± 0.4

10.1 x 104 ± 0.1

DMAP

33 ± 9

2.7 ± 0.2

8.5 x 104 ± 2

GP

220 ± 120

0.0039 ± 0.0006

1.8 x 101 ± 1

Substrate

Data are means ± s.d. (n = 3 independent experiments)
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Figure 2.3 Position of the T-DNA insertions in AtIPK and AtMDD1 genes.
(A) Structure of AtIPK gene with the 12 exons presented as filled (coding region) and open (5′
and 3′ UTR) boxes. The T-DNA insertions (shown in gray) in the ipk-1 and ipk-2 mutants are
located in exon 5 and in the intron between exons 4 and 5, respectively. Arrows indicate the
positions of two primer pair sets used for qRT-PCR analysis. (B) Structure of AtMDD1 gene
with the nine exons presented as filled (coding region) and open (5′ and 3′ UTR) boxes. The T
DNA insertions (shown in gray) are located in exons 6 and 7 in the mdd1-2 and mdd1-1 mutants,
respectively. Arrows indicate the position of the primer pair set used for qRT-PCR analysis.
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Figure 2.4 Effect of IPK knockout on sterol and sesquiterpene production in the wild-type
(ecotype Col-0) and mdd1 Arabidopsis background.
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Figure 2.4 Effect of IPK knockout on sterol and sesquiterpene production in the wild-type
(ecotype Col-0) and mdd1 Arabidopsis background. (A) AtIPK transcript levels in wild-type and
ipk mutants determined by qRT-PCR (means ±SEM, n = 3 biological replicates) using primer
sets 1 and 2 located 5′ and 3′, respectively, of the T-DNA insertions (Figure 2.3). (B) AtMDD1
transcript levels in wild-type and mdd1 mutants (means ± SEM, n = 3 biological replicates). (C)
AtIPK and AtMDD1 transcript levels in wild-type and ipk/mdd1 double mutants determined by
qRT-PCR (means ± SEM, n = 3 biological replicates). (D) Sterol levels in 8-d-old seedlings of
wild-type, ipk, mdd1, and ipk/mdd1 mutant lines. (E) Emission of β-caryophyllene from flowers
of wild-type, ipk, mdd1, and ipk/mdd1 mutant lines. Floral volatiles were collected from 50
inflorescences and analyzed by GC-MS. Data are means ± SEM (n ≥ 5). Letters indicate (a) no
and (b–d) statistically significant differences in mutant lines relative to wild-type (b, P < 0.05; c,
P < 0.001; d, P < 0.0005, Student’s t test); nd, not detected.

Figure 2.5 Expression of AtMDD1 and AtMDD2 in Arabidopsis leaves determined by qRT-PCR.
Relative mRNA abundances were calculated using UBC as an endogenous control. Data are
means ± SE (n = 3 biological replicates).
2.3.3

IPK contributes to terpenoid formation via increasing IPP/DMAPP formation and
relaxing FPPS inhibition by IP/DMAP

Considering the role of IPK in IPP/DMAPP formation, we examined whether a pool of
IP/DMAP exists in plants and if IPK is able to access it to increase precursor pool, and thus
ultimately terpenoid production. Twelve independent tobacco lines overexpressing AtIPK under
control of the cauliflower mosaic virus (CaMV) 35S promoter were generated. Three lines, with
different levels of AtIPK expression, IPK-1, IPK-4, and IPK-19 (Figure 2.6 A), were analyzed
for terpenoid formation. All these lines exhibited substantial increases in terpenoid production.
Although increases in the levels of the most abundant tobacco sterols were positively correlated
with AtIPK expression levels, comparable increases in emitted sesquiterpenes were observed
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irrespective of AtIPK transcript abundance (Figure 2.6 B and C). Whereas all lines show
increases in sterol formation, in the IPK-4 line with the highest AtIPK transcript level,
cholesterol, stigmasterol, sitosterol, and campesterol were, respectively, 2.0-, 3.0-, 2.2-, and 2.5fold higher relative to transgenic control plants containing empty vector, the latter plants
indistinguishable from untransformed wild-type (Figure 2.6 B). Leaves of all tobacco lines
emitted up to 3.4-fold more β-caryophyllene and 5-epi-aristolochene sesquiterpenes relative to
wild-type or transgenic control plants (Figure 2.6 C). Because IP/DMAP is a co-substrate for
cytosolic IPK, the observed increase in terpenoid production indicates that there is a substantial
pool of metabolically accessible IP/DMAP likely formed by the presence and activity of
phosphatases acting on IPP/DMAPP in plants (13–15).

Previously it was shown that prenyltransferase activity is inhibited in vitro by a series of C5monophosphates, including IP and DMAP, although the physiological relevance of this
observation was unknown (21). The existence of a cytosolic IP/DMAP pool suggests that IP and
DMAP may serve as FPPS inhibitors in vivo, thus controlling carbon flux toward downstream
products. AtFPPS1 is one of two Arabidopsis FPPS genes that is highly expressed in vegetative
tissue (22) and shows coexpression with AtIPK (Appendix A). Analysis of recombinant FPPS
activity in the presence of increasing concentrations of IP and DMAP revealed that AtFPPS1 is
indeed inhibited by IP, with a relative IC50 value of 99 ± 2 μM (Figure 2.7 A) and DMAP with
a relative IC50 value of 94 ± 2 μM (Figure 2.7 D). Further analysis revealed that AtFPPS1
inhibition by IP is competitive with respect to IPP and noncompetitive with respect to DMAPP
(Figure 2.7 B and C), whereas inhibition by DMAP is competitive with respect to DMAPP and
noncompetitive with respect to IPP (Figure 2.7 E and F). Thus, the observed decrease in the
MVA-derived terpenoids in ipk mutant plants (Figure 2.4 D and E) may result from the inability
to convert IP/DMAP to their corresponding diphosphates and inhibition of AtFPPS1 activity by
IP/DMAP. This decrease in terpenoids may then, in part, be accounted for by feed forward
regulation of FPPS activity by IP/DMAP inhibition of AtFPPS1. It should be noted that IP and
DMAP could work independently because they interact with different binding sites in the active
site of FPPS (23). Taken together, these results suggest that in planta IPK may not only be
responsible for IP/DMAP recycling, but also for controlling the ratio of IP to IPP and DMAP to
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DMAPP, thus playing a central role in regulating carbon flux toward FPP-derived terpenoid
products.

Figure 2.6 Effect of AtIPK overexpression on terpenoid formation in tobacco.
Effect of AtIPK overexpression on terpenoid formation in tobacco. (A) AtIPK transcript levels in
wild-type and transgenic tobacco lines (empty vector control EV, IPK-1, IPK-4, and IPK-19)
determined by qRT-PCR (means ± SEM, n = 3 biological replicates). (B) Levels of sterols in
young leaves of tobacco wild-type, EV, and AtIPK overexpressing lines. (C) Emission of
monoterpenes (β-ocimene and linalool) and sesquiterpenes (β-caryophyllene and 5-epiaristolochene) from leaves of wild-type, EV, and AtIPK overexpressing lines.
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Figure 2.6 (continued) Data are means ± SEM (n ≥ 3). Letters indicate (a) no and (b) statistically
significant differences in AtIPK overexpressing lines relative to tobacco EV transgenic plants (P
< 0.05, Student’s t test).

Figure 2.7 Inhibitory effect of IP and DMAP on FPPS prenyltransferase activity.
IC50 determination for inhibition of recombinant AtFPPS1 (measured with IPP and DMAPP
substrates) in the presence of increasing concentrations of IP (A) and DMAP (D). Assays were
performed in triplicate and data are shown as means ± SD. (B and C) Kinetic analysis of the
inhibition of AtFPPS1 by IP (n = 5).
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Figure 2.7 (continued) Shown are double-reciprocal plots of initial velocities in the presence of
different concentrations of IP, with varied IPP and fixed DMAPP concentrations (B), or fixed
IPP and varied DMAPP concentrations (C). (E and F) Kinetic analysis of the inhibition of
AtFPPS1 by DMAP (n = 5). Shown are double reciprocal plots of initial velocities in the
presence of different concentrations of DMAP, with varied IPP and fixed DMAPP
concentrations (E), or fixed IPP and varied DMAPP concentrations (F).
2.3.4

IPK also contributes to formation of GPP-derived terpenoids in plastids

Unexpectedly, AtIPK overexpression in tobacco enhanced not only emission of sesquiterpenes
but also led to almost two-fold increases in plastid-synthesized monoterpenes, including βocimene and linalool (Figure 2.6 C). Previously, it had been shown that although in plants the
MVA and MEP pathways act in parallel in separate subcellular compartments (Figure 2.1), there
is metabolic cross-talk between these pathways that allows IPP, and to lesser extent DMAPP,
exchange from the cytosol to the plastid, and vice versa (1, 2, 24). To determine the contribution
of the cytosolic MVA and plastidic MEP pathways to formation of sesquiterpenes and
monoterpenes, tobacco leaves were treated with lovastatin and fosmidomycin, specific inhibitors
of the key pathway enzymes 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) of the MVA
pathway and 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) of the MEP pathway,
respectively (Figure 2.1). In wild-type, sesquiterpene formation was primarily supported by the
MVA pathway and monoterpene formation by the MEP pathway, with the respective parallel
pathway contributing to a lesser extent (Figure 2.8). Surprisingly, despite its cytosolic
localization, AtIPK overexpression increased the contribution not only of the MVA pathway to
both monoterpene and sesquiterpene formation, but also of the plastidic MEP pathway to
monoterpenes and sesquiterpene levels. Thus, AtIPK overexpression increases formation of
terpenes irrespective of the metabolic route providing the C5-IPP/DMAPP precursors necessary
for their biosynthesis.
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Figure 2.8 Effect of MVA and MEP pathway-specific inhibitors on mono- and sesquiterpene
formation in AtIPK overexpressing tobacco lines.
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Figure 2.8 Effect of MVA and MEP pathway-specific inhibitors on mono- and sesquiterpene
formation in AtIPK overexpressing tobacco lines. Emission of sesquiterpenes β-caryophyllene (A)
and 5-epi-aristolochene (B), and monoterpenes β-ocimene (C) and linalool (D) from leaves of
tobacco wild-type, and transgenic tobacco lines (empty vector control EV, IPK-1, IPK-4, and
IPK-19) in the presence of the MEP pathway inhibitor fosmidomycin (+fos) or the MVA
pathway inhibitor lovastatin (+lov). Volatiles were collected from leaves by a closed-loop
stripping method and analyzed by GC-MS. Data are means ± SEM (n ≥ 5). Statistically
significant differences in AtIPK overexpressing lines relative to the corresponding transgenic
empty vector control, EV, across treatments are shown (*P < 0.01 and **P < 0.005, Student’s t
test).

2.4

Discussion

Our results show that IPK is a new member of the terpenoid metabolic network in plants and it
supports terpenoid biosynthesis by increasing the pool of IPP/DMAPP through IP/DMAP
recycling and by relaxing FPPS inhibition by IP/DMAP. IPK provides access to a new
metabolically available and previously unknown source of terpenoid-based carbon, thus
contributing to the biosynthesis of downstream terpenoid products. The work presented here
further suggests that IP/DMAP formation is likely an adaptive trait for regulating carbon flow
through the MVA and MEP biosynthetic pathways and not just the unintended consequence of
general phosphatase activity. Interestingly, AtIPK overexpression in tobacco resulted in similar
enhancing effects on sterol biosynthesis (Figure 2.6 B), as did the constitutive expression of
HMGR, catalyzing a rate-limiting step in the MVA pathway (27, 28). Although increasing
carbon flux through the MVA pathway by HMGR overexpression had no effect on sesquiterpene
formation (27), accessing an existing IP/DMAP pool via IPK overexpression increased not only
sesquiterpene but also monoterpene levels (Figure 2.6 C). Whereas the role of metabolite repair
in metabolism and its potential implementation in metabolic engineering was recently proposed
(29), our results present, to our knowledge, the first successful example of using an endogenous
metabolite recycling strategy for increasing terpenoid formation. Such an approach is especially
attractive considering the limitations of using the cytosolic MVA pathway for high yield
terpenoid production in plants (30– 32). Thus, our results open a new target for metabolic
engineering that, in combination with efforts to increase fluxes through upstream and
downstream terpenoid metabolic pathways, will result in high production of economically
important terpenoid compounds.
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2.5

Materials and Methods

A. thaliana ipk-1 (SALK_099454), ipk-2 (WiscDsLox461-462B), mdd1-1 (SAIL_191_A07), and
mdd1-2 (SAIL_807_F03) T-DNA insertion lines were obtained from the Arabidopsis Biological
Resource Center. Isolation of homozygous Arabidopsis AtIPK and AtMDD1 mutants and
generation of their double-mutants, as well as transgenic Nicotiana tabacum cv. Xanthi plants
overexpressing AtIPK, were performed as described in 2.5.1 and 2.5.2. Transcript level
determinations and targeted metabolic profiling of transgenics were carried out according to
protocols described in 2.5.3. Activities of AtMDD1 and AtMDD2 were analyzed by the lactate
dehydrogenase-pyruvate kinase coupled assay (2.5.6). To measure FPPS1 inhibition by IP and
DMAP, prenyltransferase assays were used (2.5.8). Subcellular AtIPK localization was
performed by infiltrating 3-wk old N. tabacum leaves with Agrobacterium (strain LBA 4404)
containing AtIPK GFP constructs and peroxisomal or mitochondrial markers (2.5.9). See Table
2.3 for primers used.
2.5.1

Isolation of homozygous AtIPK and AtMDD1 mutants and generation of double mutants

Homozygous ipk and mdd1 mutant Arabidopsis plants were identified by PCR on isolated
genomic DNA using gene-specific primers flanking the T-DNA insertion (ipk_for/rev,
mdd1_for1/for2/rev) as well as T-DNA border-specific primers (LBb1.3 and LBb1 for SALK
lines, LB_WDLp745 for WiscDsLox lines, and LB3_sail for SAIL lines) (Table 2.3). Double
mutants were generated by crossing both homozygous ipk-1 and ipk-2 mutants with the
homozygous mdd1-1 mutant and the resulting F1 plants were tested for the presence of T-DNA
insertion in the respective genes by PCR on isolated genomic DNA using gene and T-DNA
border-specific primers. F1 plants containing T-DNA insertions in both IPK and MDD1 genes
were allowed to self pollinate and the resulting F2 plants were analyzed for homozygosity with
respect to carrying T-DNA insertion in both genes, as described above.
2.5.2

Generation of transgenic tobacco plants overexpressing AtIPK

AtIPK ORF, obtained from the Arabidopsis Biological Resource Center (GC104863), was
transferred from a pENTR vector into the binary vector pB2GW7 under control of the CaMV
35S promoter using the Gateway LR Clonase II (Invitrogen). Transgenic tobacco plants were
obtained via Agrobacterium tumefaciens (strain LBA 4404 carrying 35S-AtIPK) leaf discs
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transformation using a standard transformation protocol (33). Plants rooted on BASTA selection
(1 mg/L) were screened for the presence of AtIPK ORF using forward and reverse, ipk_for and
ipk_rev, primers (Table 2.3). Untransformed tobacco plants as well as plants transformed with
empty vector were used as controls in all described experiments.
2.5.3

RNA isolation and qRT-PCR

For isolation of RNA, 100 mg of Arabidopsis or tobacco leaf tissues were ground in liquid
nitrogen, RNA was extracted using an RNeasy plant mini kit (Qiagen) and treated with DNase I
to eliminate genomic DNA. One microgram of RNA was reverse-transcribed to cDNA using the
5x All-In-One RT MasterMix (Applied Biological Materials). Gene-specific primers were
designed for analysis of AtIPK and AtMDD1 expression in Arabidopsis (AtIPK_qRT_for/rev and
AtMDD1_qRT_for/rev), as well as AtIPK in transgenic tobacco (AtIPK_Nt_qRT_for/rev) (Table
2.3), using the PrimerExpress software (Applied Biosystems). qRT-PCR reactions were
performed and transcript levels were determined as previously described (34), using the StepOne
Real- Time PCR system (Applied Biosystems). For the absolute quantification of AtIPK and
AtMDD1 transcript levels by qRT-PCR, respective cDNA fragments were purified, diluted from
160 pg/mL to 1.28 pg/mL, and used as templates to obtain standard curves in qRT-PCR with
gene-specific primers. Based on standard curves, absolute quantities of individual transcripts
were calculated and expressed as a percentage of total mRNA or as a percentage of the wild-type
expression. For relative quantification of AtMDD1 and AtMDD2 transcript levels, UBC was used
as a reference gene. Each data point represents three biological and three technical replicates.
2.5.4

Sterol analysis

Sterol extraction was performed according to Schaller et al. (35), with some modifications:
100mg of 8-d-old Arabidopsis seedlings or young tobacco leaves were ground in liquid nitrogen
and extracted with 4 mL chloroform:methanol (2:1) (vol/vol) containing 1.25 mg/L 5-αcholestan-3 α-ol as an internal standard. After incubation at 70 °C for 1 h, samples were dried
and saponified with 2 mL 6% (wt/vol) KOH in methanol for 1 h at 90 °C. Sterols were extracted
twice with 2 mL hexane:water(1:1) (vol/vol) and derivatization was performed on the dried
residues using 100 μL of BSTFA. Sterol levels were analyzed on a Hewlett-Packard GC-MS
(5975 inert mass spectrometer combined with 6890 GC). Separation was performed on a DB-
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5MS column (30 m x 0.25 mm x 0.25 μm film; Agilent Technologies) with helium as the carrier
gas. The temperature program was: 170 °C for 1.5 min, ramp to 280 °C at 37 °C/min, 300 °C at
1.5 °C/min, and hold for 5 min.
2.5.5

Collection and analysis of plant volatiles

Leaf and floral volatiles were collected using a closed-loop stripping method as described
previously (36). Floral volatiles were collected from 50 Arabidopsis inflorescences for 12 h from
8:00 AM till 8:00 PM, as described previously (37). Tobacco leaf volatiles were collected from 6
to 8 g of leaf tissue for 24 h. Collected volatiles were eluted from Poropak Q traps with 120 μL
of dichloromethane containing naphthalene as internal standard and analyzed by GC-MS.
Authentic standards were used to validate GC peaks and MS spectra and quantification was
performed as described previously (38). For inhibition experiments, the MEP pathway-specific
inhibitor fosmidomycin (Invitrogen) or the MVA pathway-specific inhibitor lovastatin (Sigma)
were added to a final concentration of 100 μM (34, 36) and volatiles were collected for 24 h.
2.5.6

Protein expression and purification

The ORFs of AtMDD1 (At2g38700), AtMDD2 (At3g54250) and AtFPPS1 (At5g47770) were
PCR amplified from Arabidopsis thaliana cDNA with gene-specific forward and reverse primers
(AtMDD1_pET_for/rev, AtMDD2_pET_for/rev, AtFPPS1_pET_for/rev) (Table 2.3). PCR
fragments were cloned into a modified pET28 vector with an N-terminal His8 tag by the InFusion cloning system (Clontech). BL21(DE3) Escherichia coli were transformed with the
expression constructs and grown in TB media supplemented with 50 μg/mL kanamycin. Protein
expression was induced with 1 mM isopropyl 1-thio-β-D-galactopyranoside at 20 °C for 20 h.
Cells were lysed by sonication in 50 mM Tris·HCl pH 8.0 buffer, 0.5 M NaCl, 20 mM imidazole,
and 10% (vol/vol) glycerol, and cellular debris was removed by centrifugation. Expressed
proteins were purified from the supernatant by immobilized metal affinity chromatography with
HisPur NiNTA resin (Thermo). Pure protein was eluted with 50 mM Tris·HCl (pH 8.0), 0.5 M
NaCl buffer supplemented with 250 mM imidazole followed by buffer exchange to 50 mM
Tris·HCl (pH 8.0), 0.2 M NaCl for storage.
2.5.7

Decarboxylase assays

Activities of AtMDD1 and AtMDD2 were analyzed by the lactate dehydrogenase-pyruvate
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kinase-coupled assay. The 100-μL reactions include 7 U of pyruvate kinase (Sigma), 10 U of
lactate dehydrogenase (Sigma), 4 mM ATP, 2 mM phosphoenolpyruvate, 0.16 mM NADH, 8
mM MgCl2, and 100 mM KCl in 100 mM Na+-Hepes (pH 7.5) at varied concentrations of (R)MVAPP (Sigma) or (R)-MVAP (Sigma). Reactions were initiated by the addition of enzyme and
monitored at 340 nm at 30 °C. Initial velocity data were fit using Prism software (GraphPad
Software) to the Michaelis–Menten equation to compute KM and kcat.
2.5.8

Prenyltransferase assays

FPPS1 assays were performed in 100 μL containing 10 μg of protein, 40 μM [1-14C]-IPP (55
mCi/mmol), 120 μM DMAPP, in assay buffer, 25 mM Na+-MOPSO (pH 7.0), 10 mM MgCl2, 2
mM DTT, and 10% (vol/vol) glycerol, as described previously (34). Samples were overlayed
with 1 mL hexane and incubated for 30 min at 30 °C. Assays were stopped by adding 3M HCl
followed by additional incubation for 20 min at 30 °C. Hydrolysis products were extracted into
the hexane phase by vigorous vortexing and centrifugation. Next, 800 μL of hexane extracts
were quantified radiometrically using a liquid scintillation counter. Controls included assays with
boiled protein and without substrate and background radioactivity measured in controls was
subtracted from all raw measurements.
2.5.9

Subcellular AtIPK localization

Multiple subcellular prediction programs (WoLF PSORT:
www.genscript.com/psort/wolf_psort.html; Predotar:
https://urgi.versailles.inra.fr/predotar/predotar.html; TargetP: www.cbs.dtu.dk/services/TargetP/)
were used to analyze whether AtIPK contains any known intracellular targeting signals. For the
generation of GFP fusion constructs, the AtIPK gene was transferred from the pENTR vector
into binary vectors pK7WGF2 (N-terminal GFP) and pK7FWG2 (C-terminal GFP), both
containing CaMV 35S promoters, using LR Clonase II. A KAT2-eqFP611 peroxisomal marker
cassette, encoding a C-terminal fusion of Arabidopsis 3-keto-acyl-CoA thiolase 2 (residues 1–99)
with RFP under the control of the 35S promoter, was used as a peroxisomal marker (39). This
peroxisomal construct was coinfiltrated with AtIPK GFP constructs. As a mitochondrial marker,
mt-rk CD3-991, which contains the first 29 aa of yeast cytochrome C oxidase IV, was used for
coinfiltration (40). Constructs and empty vectors were transformed into Agrobacterium (strain
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LBA 4404), infiltrated into 3-wk-old Nicotiana tabacum leaves according to Sparkes et al. (41).
Two to 3 d after infiltration, plant tissues were analyzed using the Zeiss LSM710 laser spectral
scanning confocal microscope (Zeiss), as described previously (42).
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Table 2.3 Sequences of primers used for genotyping of Arabidopsis mutants (in yellow), qRTPCR analysis (in green), and cloning of recombinant protein expression constructs (in blue).
Primer
ipk_for

Sequence

ipk_rev

5'-CCAAGCCAATCTTCAGGAACACT-3'

mdd1_for1

5'-GCTTGAGCTGTGTTAATGGC-3'

mdd1_for2

5'-TCGGGAATGCGTGAGAGTGTTGA-3'

mdd1_rev

5'-CCAGTTTGAGGATGGAGAAGAGCT-3'

LBb1.3

5'-ATTTTGCCGATTTCGGAAC-3'

LBb1

5'-GCGTGGACCGCTTGCTGCAACT-3'

LB_WDLp745

5'-AACGTCCGCAATGTTATTAAGTTGTC-3'

LB3_sail

5'-TAGCATCTGAATTAACTCGATACAC-3'

AtIPK_qRT_for1

5'-GGAGCAAGAGACCTGGAAGCT-3'

AtIPK_qRT_rev1

5'-CTCCTTTGTGAACCCCAGATCT-3'

AtIPK_qRT_for2

5'-TTGTGAAGGCTGCGACAACT-3'

AtIPK_qRT_rev2

5'-CCAAGCCAATCTTCAGGAACA-3'

AtMDD1_qRT_for

5'-GGCCCAAATGCAGTCATGAT-3'

AtMDD1_qRT_rev

5'-GTCAGGCTTAGGAGGGAAGCA-3'

5'-GGAGCTGAATATTTCCGAGAGTCGA-3'

AtIPK_Nt_qRT_for 5'-CGGTGGAATGGAAACGAAGA-3'
AtIPK_Nt_qRT_rev 5'-AGTTGTCGCAGCCTTCACAA-3'
UBC_qRT_for

5'-CTGCGACTCAGGGAATCTTCTAA-3'

UBC_qRT_rev

5'-TTGTGCCATTGAATTGAACCC-3'

AtMDD1_pET_for

5'-CGCGTGGTTCCCATGGCATGGCGGAGGAGAAATGG-3'

AtMDD1_pET_rev

5'-TTCGGATCCGCCATGGTTATTTGGGGAGGCCAGTT-3'

AtMDD2_pET_for

5'-CGCGTGGTTCCCATGGCATGGCGACGGAGAAATG-3'

AtMDD2_pET_rev

5'-TTCGGATCCGCCATGGTCACTTAGGAAGGCCTGTTT-3'

AtFPPS1_pET_for

5'-CGCGTGGTTCCCATGGCATGAGTGTGAGTTGTTGTTGTAGGA-3'

AtFPPS1_pET_rev

5'-TTCGGATCCGCCATGGCTACTTCTGCCTCTTGTAGATCTTAGC-3'
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CHAPTER 3.
SPECIFIC NUDIX HYDROLASES ARE RESPONSIBLE
FOR DEPHOSPHORYLATION OF ISOPRENOID BACKBONES

3.1

Abstract

Plant genomes encode isopentenyl phosphate kinases (IPKs) that reactivate isopentenyl
phosphate (IP) via ATP-dependent phosphorylation forming the primary metabolite isopentenyl
diphosphate (IPP) used generally for isoprenoid/terpenoid biosynthesis. Therefore, the existence
of IPKs in plants raises unanswered questions concerning the origin and regulatory roles of IP in
plant terpenoid metabolism. Here, we provide genetic and biochemical evidence showing that IP
forms during specific dephosphorylation of IPP catalyzed by a subset of Nudix superfamily
hydrolases. Increasing metabolically available IP by overexpression of a bacterial
phosphomevalonate decarboxylase (MPD) in Nicotiana tabacum resulted in significant
enhancement in both monoterpene and sesquiterpene production. These results indicate that
perturbing IP formation alters fluxes through both the methylerythritol phosphate (MEP) and
mevalonate (MVA) pathways. Moreover, the unpredicted peroxisomal localization of bacterial
MPD led us to discover that the step catalyzed by phosphomevalonate kinase (PMK) imposes a
hidden constraint on flux through the classical MVA pathway. These complementary findings
fundamentally alter conventional views of metabolic regulation of terpenoid metabolism in
plants and provide new metabolic engineering targets for production of high value terpenes in
plants.

3.2

Introduction

Terpenoids, also referred to as isoprenoids, constitute one of the largest and most chemically
diverse classes of primary and secondary metabolites in nature. These compounds serve a broad
range of physiological functions, including key roles in respiration, photosynthesis, growth,
development, reproduction, defense, and environmental sensing1,2. Terpenoids are also highly
valued by humans as fragrances, flavors, biofuels, nutritional supplements, insecticides, and
pharmaceuticals3–5

This chapter is a manuscript that has been submitted for publication. My contributions include all in planta
experiments.
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Despite their structural diversity, all terpenoids begin with two universal five carbon isoprenelike building blocks, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In
plants, both IPP and DMAPP are derived from two compartmentally separated metabolically
cross-talking routes, the mevalonic acid (MVA) and methylerythritol phosphate (MEP) pathways
(Figure 3.1a)6. While the MEP pathway is exclusively localized in plastids, the MVA pathway
distributes between cytoplasm, endoplasmic reticulum, and peroxisomes (Figure 3.1a)6.

The MVA pathway generates IPP and DMAPP, that are elongated by ubiquitous enzymes
farnesyl diphosphate synthases (FPPSs). Generally, FPPSs catalyze the condensation of one
DMAPP molecule with two IPP molecules to produce FPP and two molecules of pyrophosphate.
FPP is an essential metabolite used for sesquiterpene, homoterpene, triterpene, sterol,
brassinosteroid and polyprenol biosynthesis2. It is generally considered that 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) catalyzes the rate-limiting step of the MVA pathway1,2,6,7;
however, HMGR overexpression-based metabolic engineering strategies were not sufficient to
overcome limitations of using the cytosolic MVA pathway for high-yield terpenoid production in
plants8–12. Therefore, these results suggest that the MVA pathway is regulated by additional as of
yet unknown mechanisms governing flow through the pathway and subsequently metabolite
yield.

We recently discovered that in addition to the classical MVA and MEP pathway enzymes, plant
genomes encode another IPP-generating protein, isopentenyl phosphate kinase (IPK) 13,14. In
plants, IPK localizes to the cytoplasm, where it transforms isopentenyl phosphate (IP) and
possibly dimethylallyl phosphate (DMAP) to IPP and DMAPP via ATP-dependent
phosphorylation. Paradoxically, IPK appears to augment terpenoid production through both the
MVA and MEP pathways14. While in plants IPK appears to be involved in a metabolite
reactivation process14, in some bacteria and archaea, IPK catalyzes an essential and final step in
the alternative MVA pathway (Figure 3.1b)13,15. The alternative MVA pathway bifurcates from
the classical metabolic route following mevalonate kinase (MK)-mediated phosphorylation of
mevalonate yielding phosphomevalonate (MVAP). In the classical MVA pathway, MVAP
undergoes phosphorylation catalyzed by phosphomevalonate kinase (PMK) to produce
mevalonate diphosphate (MVAPP), which is subsequently subjected to decarboxylation
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catalyzed by mevalonate 5-diphosphate decarboxylase (MDD) (Figure 3.1a). In contrast, in the
alternative MVA pathway the order of reactions is reversed wherein MVAP undergoes initial
decarboxylation to IP catalyzed by a phosphomevalonate decarboxylase (MPD) followed by
ATP-dependent phosphorylation of IP catalyzed by IPK (Figure 3.1b).

The presence of genes encoding IPK in all sequenced plant genomes indicates that modulating
the ratios of IP to IPP and DMAP to DMAPP may serve unknown roles in regulating terpenoid
biosynthesis14. Moreover, yield enhancement of MVA and MEP pathway-derived terpenoids in
tobacco leaves upon overexpression of Arabidopsis thaliana IPK (AtIPK) further supports the
contribution of IP formation to regulating the plant terpenoid network14. However, the origin of
IP and possibly DMAP in plants is unresolved, leaving open questions about how the
metabolism of the universal five carbon terpenoid building blocks, IPP and DMAPP, is regulated
in the plant kingdom.
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Figure 3.1 Terpenoid biosynthetic pathways in plants, in some archaea and bacteria.
a, Terpenoid biosynthetic pathways in plants, in some archaea and bacteria. The MVA and MEP
pathways responsible for terpenoid biosynthesis in plants. b, An alternative MVA pathway
discovered in some archaea and the Chloroflexi phylum of bacteria. This pathway follows the
same steps as the plant classical MVA pathway until MVAP formation. MVAP is then converted
by MPD to IP, which is subsequently phosphorylated by IPK to IPP. Abbreviations: AACT,
acetoacetyl-CoA thiolase; CMK, 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase;
DMAP, dimethylallyl phosphate; DMAPP, dimethylallyl diphosphate; DXR, 1-deoxy-Dxylulose 5-phosphate reductoisomerase; DXS, 1-deoxy-Dxylulose 5-phosphate synthase; FPP,
farnesyl diphosphate; FPPS, farnesyl diphosphate synthase; GA-3P, D-glyceraldehyde 3phosphate; GPP, geranyl diphosphate; GPPS, geranyl diphosphate synthase; HDR, (E)-4hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy
3-methylglutaryl-CoA synthase; IDI, isopentenyl diphosphate isomerase; IP, isopentenyl
phosphate; IPK, isopentyl phosphate kinase; IPP, isopentenyl diphosphate; MCT, 2-C-methyl-D
erythritol 4-phosphate cytidylyltransferase; MDD, mevalonate diphosphate decarboxylase; MDS,
2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MK, mevalonate kinase;

49

50
Figure 3.1 (continued) MPD, phosphomevalonate decarboxylase; MVAP, mevalonate 5phosphate; MVAPP, mevalonate diphosphate; PMK, phosphomevalonate kinase.
3.3
3.3.1

Results and Discussion
Origin of IP in plants

The absence of genes encoding MPDs in plant genomes indicates that in plants IP and possibly
DMAP may arise via a different route than the alternative MVA pathway found in certain
bacteria and archaea (Figure 3.1b). Recently, a unique member of the Nudix hydrolase
superfamily, AtNudx3 (At1g79690), which has both a hydrolase and peptidase domain, was
shown to dephosphorylate IPP and hydrolyze chromogenic dipeptide substrates in vitro16.
However, determining the physiological function of Nudix enzymes is complicated by their
measureable in vitro substrate promiscuity17, 18. To identify putative IPP/DMAPP phosphatase
candidates that may produce IP/DMAP in planta, we first expressed all Nudix enzymes encoded
by the Arabidopsis genome19 in E. coli. Of the 27 heterologously expressed proteins, 16
produced soluble enzymes that were assayed for small molecule phosphatase activity. The
remaining genes, AtNudx 2, 4, 8, 10, 13, 16-19, 21, and 22 produced insoluble inclusion bodies
and were not assayed. Most of these Nudix enzymes were previously assayed against a panel of
phosphate-bearing substrates; however, isoprenoid diphosphates were notably absent19, 20. We
screened the soluble enzymes for catalytic activity with IPP as a substrate employing a modified
malachite green assay for free phosphate detection. Only AtNudx1 (At1g68760) and AtNudx3
efficiently catalyzed dephosphorylation of IPP to IP, while the remaining enzymes exhibited low
to no activity (Figure 3.2). After optimizing for pH and magnesium cation (Mg2+) dependence
(Figure 3.3), steady state kinetic constants were determined for AtNudx1 and AtNudx3 using
isoprenoid mono- and di- phosphate containing compounds. Both AtNudx1 and AtNudx3
catalyzed dephosphorylation of MVAPP, IPP, DMAPP, geranyl diphosphate (GPP), and FPP to
the monophosphate products, MVAP, IP, DMAP, geranyl phosphate (GP), and farnesyl
phosphate (FP), respectively, and did not catalyze further dephosphorylation to their respective
isoprenoid alcohols. AtNudx1 utilized IPP, DMAPP, GPP, and FPP with equal catalytic
efficiencies, while MVAPP was 100-fold less efficient as a substrate (Table 3.1). In contrast,
AtNudx3 preferred IPP and DMAPP with catalytic efficiencies similar to AtNudx1 and with 3fold higher catalytic efficiencies compared to AtNudx1 using GPP and FPP as substrates (Table
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3.1).

Figure 3.2 IPP phosphatase assays of Arabidopsis thaliana Nudix enzymes.
a, BIOMOL Green end-point assays detecting free phosphate. Assays were conducted with 0.1
μM purified Nudix enzyme, 0.1 mM IPP, 10 mM MgCl2, and 0.1 M TAPS pH 8.5 at 37°C.
Assays were quenched after one hour by the addition of BIOMOL Green and phosphate detected
at 623 nm.

Figure 3.3 Assay optimization for A. thaliana Nudx1 (a, b) and Nudx3 (c, d).
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a and c, pH optimum. b and d, Mg2+ dependence. Assays were conducted at 37oC with 0.1 mM
IPP and 50 nM AtNudix1or 25 nM AtNudix3. No activity was observed with CaCl2, ZnCl2 for
both enzymes. Specific activities are reported as averages of triplicate data and standard
deviation.
Table 3.1 Kinetic parameters for recombinant A. thaliana Nudx1 and Nudx3

Data are means ± SD (n = 3 independent experiments). NA, no detectable activity. No
phosphatase activity was detected for AtNudx1 and AtNudx3 with IP, DMAP, MVAP, GP, and
FP.
3.3.2

AtNudx1 activity against 8-oxo-dGTP is likely to be irrelevant in vivo

It was previously reported that AtNudx1 functions as an 8-oxo-dGTPase based upon homology
with bacterial and mammalian Nudix superfamily members21. While AtNudx3 was unable to
dephosphorylate 8-oxo-dGTP, AtNudx1 catalyzed dephosphorylation with catalytic efficiencies
similar to those obtained with IPP and DMAPP as substrates (Table 3.1). However, AtNudix1
only weakly prefers 8-oxo-dGTP compared to dGTP with (kcat/KM)8-oxo-dGTP/( kcat/KM)dGTP = 2.6
while intracellular concentrations of dGTP are expected to be significantly higher than 8-oxodGTP20. To precisely define the structural basis for substrate selectivities of AtNudx1, we next
obtained diffraction quality crystals for atomic resolution protein x-ray crystallographic analyses.
AtNudx1 crystallized without ligands (2.0 Å, Rwork = 0.1823 and Rfree = 0.2165) and with IPP
bound (1.90 Å, Rwork = 0.1827 and Rfree = 0.2277) (Table 3.2). IPP (pdb ligand ID IPR) and three
magnesium cations (Mg2+) were easily modeled in active site electron density maps (Figure 3.4a).
The presence of IPP, instead of the reaction product IP, is clear in the active site of AtNudx1 and
likely due to the low pHs (pH 5.0) and low temperatures used during crystallization at 4oC. At
pH 6.5 the specific activity of AtNudx1 using IPP as a substrate is 7-fold lower than activities
measured at the optimal pH of 8.5 (at 37oC) (Figure 3.3a).
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Like most Nudix superfamily members, AtNudx1 employs divalent cations for catalytic activity.
Mg2+ is present in the crystallization conditions used in this study. From the crystal structures,
Mg2+ octahedrally coordinates several water molecules, the sidechains of Glu56 and Glu60, the
carbonyl oxygen of Gly40, and the diphosphate oxygens of IPP (Figure 3.4b). The multivalent
diphosphate group is also hydrogen bonded by His42 and Arg27. The C5 carbon chain of IPP is
sequestered by the hydrophobic side chains of Ala11, Val12, Val13, Ile31, Ala37, Leu38, Phe78,
Phe127, Pro129, Leu130, and Leu133 (Figure 3.5a).

While preparing this manuscript, apo and GPP-bound E56A mutant structures of AtNudx1 were
reported22. The apo structures (pdb 5WWD) and IPP- and GPP-bound structures (pdb 5GP0)
superimposed with root mean squared 158 deviations of 0.2969Å and 0.3246Å respectively.
Superposition of the previously reported catalytically impaired AtNudx1 mutant, E56A, with
GPP bound (pdb 5GP0) and our structure with IPP bound show that the shared chemical features
of these two ligands do not superimpose (Figure 3.4b, c). The E56A mutation likely prevents
Mg2+ and GPP from binding in productive conformations. In our AtNudx1-IPP experimental
structure, Glu56 bicoordinates with two of the active site Mg2+ ions. Mg2+ ions are absent in apoAtNudx1, due to the absence of the diphosphate group which likely initiates cation recognition
and early stages of divalent cation, active site coordination.

We structurally aligned the AtNudx1-IPP complex with 8-oxo-dGMP bound E.coli 8-oxodGTPase MutT (pdb 3A6U) and human 8-oxo-GTPase MTH1 (pdb 3ZR0) to compare the the
amino acids governing substrate binding in these Nudix enzymes23,24 (Figure 3.5). Noticeably,
residues important for binding the nucleotide substrate, Glu34, His28, and Asn119 in MutT
(Figure 3.5b) and Asn33, Asp119, Asp120, and Trp117 in MTH1 (Figure 3.5c) are not observed
in AtNudx1. Despite sharing the same fold, AtNudx1 and 8 oxo-dGTPases possess distinct
active site pockets for substrate recognition and catalysis. These results combined with in vitro
substrate specificity studies suggest that AtNudx1 activity with 8-oxo-dGTP is likely
inconsequential in vivo.

53

54

Table 3.2 X-ray diffraction data collection and refinement statistics

Figure 3.4 Substrate recognition by AtNudx1
a, IPP and Mg2+ bound AtNudx1 showing unbiased Fo − Fc omit map at contour level 2σ for IPP,
active site Mg2+ (green), and coordinating waters (red). b, Mg2+ and phosphate coordination
scheme in wild type AtNudx1-IPP. Side chains of key residues are shown c, GPP bound E56A
mutant of AtNudx1 (pdb 5GP0)22. Side chains of residues shown in b, are shown here for
comparison.
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Figure 3.5 Substrate recognition by A. thaliana Nudx1 and E. coli and human 8-oxo-dGTPase.
a, AtNudx1 with IPP bound. Residue sidechains lining the active site pocket are shown. Mg2+
and phosphate interacting residues were omitted for clarity. b, E. coli 8-oxo-dGTPase from with
8-oxo-dGMP (8OG) bound (pdb 3A6T) and c, Human 8-oxo-dGTPase with 8-oxo-dGMP bound
(pdb 3ZR0). Side chains of key residues involved in nucleotide binding are shown.
3.3.3

AtNudx1and AtNudx3 contribute to IP, and possibly DMAP, formation in planta

To investigate the in planta contribution of AtNudx1 and AtNudx3 to isoprenoid production, we
first analyzed their expression across different tissues using quantitative RT-PCR (qRT-PCR)
with gene specific primers. Both Nudix genes were found to be expressed in all tissues with
AtNudx3 mRNA at significantly higher levels than those of AtNudx1 (Figure 3.6a). For both
genes, the highest expression was found to occur in flowers, followed by leaves and siliques
(Figure 3.6a). Moreover, transgenic Arabidopsis plants expressing β-glucuronidase (GUS)
reporter genes under control of AtNudix1 and AtNudix3 promoters further indicated that
expression of AtNudx1 and AtNudx3 overlaps across different tissues. According to promoterGUS analysis, the promoters of both genes are active in Arabidopsis flowers, stems and in all
seedling tissues (Figure 3.7). While AtNudx1-driven GUS expression was detected ubiquitously
across all rosette leaves, GUS staining for AtNudx3 was predominantly restricted to young leaves
and the vasculature of older leaves (Figure 3.7).

We next used a reverse genetics approach and profiled terpenoids in Arabidopsis T-DNA
insertion lines (nudx1-1, nudx1-2, nudx3-1 and nudx3-2) (Figure 3.8) to further examine the role
of AtNudx1 and AtNudx3. No AtNudx1 or AtNudx3 transcripts were detected in mutants with the
exception of the nudx1-2 mutant, which exhibited a 90% reduction in AtNudx1 expression
(Figure 3.6b). Emission of the most abundant sesquiterpene, β-carophyllene, from Arabidopsis
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flowers increased by 28-60% (Figure 3.6c). The concentration of the sterol sitosterol nearly
doubled in all nudx mutants, while the levels of campesterol and stigmasterol remained
unchanged (Figure 3.6d). Emission of the monoterpene linalool from flowers was increased 148503% in all nudx T-DNA mutants (Figure 3.6e), suggesting that AtNudx1 and AtNudx3
modulate the ratios of IPP to IP and possibly DMAPP to DMAP in vivo.

The similar terpenoid metabolic profiles in the nudx1 and nudx3 mutants suggest that despite
their differential expression levels (Figure 3.6a), both AtNudx1 and AtNudx3 regulate the
availability of metabolites contributing to both GPP- and FPP-derived terpenoids. As AtNudx1
and AtNudx3 are localized in the cytoplasm20,21, the observed effects on sterol levels and
sesquiterpene emission may result from dephosphorylation of IPP and/or FPP (Table 3.1; Figure
3.1a). In contrast, because monoterpene formation partially relies on IPP imported into plastids
from the cytoplasm (Figure 3.1a), the observed effects on monoterpene levels can only result
from IPP dephosphorylation.

Next, each Nudx gene was transiently overexpressed in N. tabacum leaves (Figure 3.9), which
emit both monoterpene and sesquiterpene compounds. Twenty-four hours after infiltrating
Agrobacteria carrying either AtNudx1 or AtNudx3 expression constructs into tobacco, the
emission of sesquiterpenes was decreased by 57-88% compared to leaves infiltrated with
Agrobacteria harboring an empty-vector (Figure 3.6f). Emission of the monoterpenes linalool
and β-ocimene decreased on average by 50% in tobacco leaves overexpressing AtNudx1 and was
lower, albeit not significantly, in tobacco leaves overexpressing AtNudx3 relative to control
(Figure 3.6f). Thus, overexpression of AtNudx1 and AtNudx3 resulted in an opposite metabolic
phenotype to that observed when AtIPK was overexpressed in tobacco leaves14. Together with
the Arabidopsis nudx1 and nudx3 mutants profiled here (Figure 3.6), and the ipk mutants
analyzed previously,14 the observed complimentary phenotypes provide in vivo evidence that
Nudix and IPK catalyze opposing reactions to regulate IPP/IP and possibly DMAPP/DMAP
ratios (Figure 3.1). Thus, in plant cells, IP and DMAP formation is not the consequence of
dephosphorylation by non-specific phosphatases but is instead the result of the catalytic activity
of specific Nudix enzymes. Moreover, because AtNudx1 and AtNudx3 dephosphorylate FPP
(Table 3.1), we cannot exclude the possibility that these enzymes also function to modulate the

56

57
FPP to FP ratio. The activities with prenyl diphosphate substrates presented here are consistent
with the recent report of a Rosa x hybrdia Nudix enzyme, RhNUDX1, a homolog of AtNudx1
and AtNudx3, that in rose petals converts GPP to GP for terpene alcohol formation in the
cytoplasm25. Although AtNudx1 and AtNudx3 can also dephosphorylate GPP (Table 3.1), it is
unlikely that they act on this substrate in planta as GPP is considered to be restricted to plastids
in most plants.

Figure 3.6 Role of Nudx1 and Nudx3 in vivo.
a, Expression of AtNudx1 and AtNudx3 in different Arabidopsis tissue. b, AtNudx1 and AtNudx3
transcript levels in Col-0 and T727 DNA insertion mutants determined by qRT-PCR (means ±
s.e.m., n=3 biological replicates). c - e, Effect of AtNudx1 and AtNudx3 knockouts on sterol and
terpenoid formation. c, β-caryophyllene and linalool emission (e) from flowers of 5-week-old
Arabidopsis inflorescences. Floral volatiles were collected from approximately 50 inflorescences
and analyzed by GC-MS.
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Figure 3.6 (continued) d, Sterol levels in 8-day-old Arabidopsis seedlings of Col-0 and nudx1
and nudx3 mutants. f, Transient overexpression of AtNudx1 and AtNudx3 under control of a
CaMV-35S promoter in tobacco leaves. All data are means ± s.e.m., n=3 biological replicates. *,
P<0.05; **, P<0.001 (Student’s t-test); nd, not detected.

Figure 3.7 Tissue-specific expression of AtNudx1 and AtNudx3.
Figure 3.7 Tissue-specific expression of AtNudx1 and AtNudx3. AtNudx1 promoter-GUS (a, c, e,
g, i, k, m, o, q) and AtNudx3 promoter-GUS (b, d, f, h, j, l, n, p, r) reporter gene expression
patters in mature flowers (a, b), petals (c, d), anthers (e, f), stigmas and styles (g, h), whole
rosettes (i, j), roots (k, l), guard cells (m, n), trichomes (o, p), and 7-day old seedings (q, r). Scale
bars: 100 μm (e, f, g, h, k, l, m, n, o, p); 500 μm (a, b, c, d, q, r); and 3 cm (i, j).
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Figure 3.8 Positions of the T-DNA insertions in AtNudx1 and AtNudx3 genes.
a, Structure of the AtNudx1 gene with the two exons presented as filled (coding region) and open
5’ and 3’ UTR boxes. The T-DNA insertions (shown in gray) in the nudx1-1 and nudx1-2
mutants are located in exon 2 and exon 1, respectively. Arrows show the positions of forward
and reverse primers used for qRT-PCR analysis. b, Structure of the AtNudx3 gene with 21 exons
presented as filled (coding region) and open 5’ and 3’UTR boxes. The T-DNA insertions (shown
in gray) in the nudx3-1 and nudx3-2 mutants are located in exon 20 and in the intron between
exons 14 and 15, respectively. Arrows show the positions of forward and reverse primers used
for qRT-PCR analysis.

Figure 3.9 Levels of AtNudx1 and AtNudx3 mRNAs in wild type tobacco leaves.
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Figure 3.9 Tobacco leaves were infiltrated with agrobacterium carrying the empty vector control
(EV), the AtNudx1 construct and AtNudx3 construct. Absolute transcript levels of AtNudx1 (white
bar) and AtNudx3 (gray bar) are shown as pg/200 ng total RNA (means ± s.e.m., n=3 biological
replicates).
3.3.4

Effects of increasing IP formation on terpenoid biosynthesis

The absence of genes encoding MPDs in plants suggests that IP and possibly DMAP are not
produced de novo in plants. Instead, our current data indicate that IP/DMAP is formed from
dedicated dephosphorylation of IPP/DMAPP catalyzed by Nudix superfamily hydrolases (Figure
3.6). Considering the limitations of the MVA pathway for high yield terpenoid production, we
tested if introducing de novo IP production in plants increases flux toward downstream
terpenoids. We used a bacterial MPD gene from Roseiflexus castenholzii encoding an enzyme
previously shown to possess strict specificity for the efficient decarboxylation of MVAP to IP13.
The RcMPD gene was stably overexpressed in N. tabacum under control of the CaMV 35S
promoter to create a bifurcation in the canonical MVA pathway in order to produce IP without
dephosphorylating IPP. We hypothesized that if the endogenous IPK is capable of converting
MPD-generated IP to IPP, then RcMPD overexpression may result in the introduction of a novel
second branch of the MVA pathway resembling the alternative MVA pathway known to exist in
some bacteria and archaea (Figure 3.1b)13,15.

Metabolic analyses of three independent transgenic lines with different expression levels of the
RcMPD gene, namely MPD-1, MPD-4, and MPD-11 (Figure 3.10), revealed that all lines
exhibited a substantial increase in overall terpenoid production relative to wild type and emptyvector control plants. Sterol levels, including cholesterol, stigmasterol, sitosterol, and
campesterol were respectively 3.2-, 4.2-, 3.2- and 3.7-fold higher in RcMPD transgenic plants
relative to controls (Figure 3.10b). More elaborated downstream terpenoid-quinone conjugate
products were not affected likely due to limited availability of the aromatic building blocks
necessary for their biosynthesis (Figure 3.11). Finally, the leaves of MPD transgenic plants
emitted up to 4.1- and 7.4-fold more mono and sesquiterpenes, respectively, than control plants
(Figure 3.10c).

The increased production of terpenoids in RcMPD overexpression lines indicates that
endogenous IPK can access and process de novo produced IP to IPP and that the upstream
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portion of the MVA pathway provides sufficient MVAP substrate to measurably increase flux
through the introduced alternative MVA pathway. In comparison to previously generated AtIPK
overexpression tobacco lines14, the RcMPD transgenics produced 1.5-fold more sterols and up to
2-fold higher levels of mono- and sesquiterpenes, thus suggesting that overall yields of terpenoid
products from both the MVA and MEP metabolic networks and crosstalk between the two may
be limited by endogenous IP levels.

To assess whether endogenous IPK in MPD transgenic plants depleted all de novo generated IP,
AtIPK was transiently overexpressed in the MPD-4 transgenic line (Figure 3.12a). AtIPK
overexpression in this background resulted in additional increases of 1.9- and 2.8-fold in emitted
sesquiterpenes, β-caryophyllene and 5-epi-aristolochene, respectively, relative to the levels in the
MPD-4 transgenic line overexpressing an empty vector (Figure 3.12b). These results suggest that
endogenous IPK activity was limiting in MPD transgenics. Moreover, while sesquiterpene levels
increased, levels of the emitted monoterpenes, β-ocimene, and linalool, remained unchanged
(Figure 3.12b). This effect on MEP-pathway derived terpenoids may indicate that the IPP
transporter involved in importing cytoplasmic IPP into plastids, and/or plastidial enzymes acting
downstream of IPP, work at maximum capacity in these plant backgrounds. In addition or
alternatively, these results may suggest that increased flux toward sesquiterpene formation
occurred due to the turnover of IP by IPK to relax FPP synthase inhibition, as IP and DMAP
competitively inhibit FPP synthase14.
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Figure 3.10 Effect of Roseiflexus castenholzii MPD overexpression on terpenoid formation in
tobacco.
a, RcMPD transcript levels in wild type and transgenic tobacco lines (empty vector control EV,
MPD-1, MPD-4, MPD-11) determined by qRT-PCR. Absolute transcript levels of RcMPD are
shown as pg/200 ng total RNA (means ± s.e.m., n=3 biological replicates). b, Sterol levels in
tobacco leaves of wild-type, EV control and RcMPD overexpressing lines. c, Emission of
monoterpenes, β-ocimene and linalool, and sesquiterpenes, β-caryophyllene and 5-epiaristolochene, from tobacco leaves of wild type, EV control and RcMPD overexpressing lines. *,
P<0.05 (Student’s t-test); nd, not detected.

62

63

Figure 3.11 Analysis of terpenoid-quinone conjugates in tobacco leaves of wild-type, EV control
and RcMPD overexpressing lines.
a, MVA-derived terpenoid-quinone conjugate, ubiquinone (UbQ10); b–e, MEP-pathway derived
terpenoid-quinone conjugates, plastoquinone (PQ) (b), α- and γ- tocopherols (α-TC and γ-TC) (c
and d), and phylloquinone (PhQ) (e). Data are means ± s.e.m. (n ≥ 3).
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Figure 3.12 Effect of overexpression of AtIPK and AtHMGR1 on terpenoid formation in
RcMPD-4 tobacco transgenic line.
a, Levels of AtIPK and AtHMGR1 mRNAs in tobacco leaves of the RcMPD-4 transgenic line
infiltrated with Agrobacterium carrying the empty vector control (MPD-EV) (black bars), the
AtIPK construct (white bars) and AtHMGR1 construct (gray bars). Absolute transcript levels of
AtIPK and AtHMGR1 are shown as pg/200 ng total RNA (means ± s.e.m., n=3 biological
replicates). b, Sesquiterpene and monoterpene emission from RcMPD-4 transgenic tobacco
leaves transiently overexpressing EV, AtIPK and AtHMGR1. Data are means ± s.e.m. (n ≥ 3). *,
P<0.05; **, P<0.001 (Student’s t-test); nd, not detected.
3.3.5

Overexpression of HMGR and MPD amplifies flux toward downstream products

It is generally assumed that HMGR catalyzes the rate-limiting step of the MVA pathway1, 2,6,7.
To test whether increasing expression of HMGR in the RcMPD background further enhances
terpenoid production, we transiently overexpressed AtHMGR in RcMPD transgenic tobacco
leaves. Compared to the MPD-4 line expressing an empty-vector as a control, levels of the
monoterpenes β-ocimene and linalool increased by 2.7- and 4.6-fold, respectively, in MPD-4
lines overexpressing AtHMGR (Figure 3.12b). Even higher levels were achieved for the
sesquiterpenes β-caryophyllene and 5-epi-aristolochene, reaching 4.6- and 16.5-fold increases,
respectively (Figure 3.12b). Taken together, the coexpression of AtHMGR with RcMPD in
tobacco leaves has the potential to enhance monoterpene formation by up to 20-fold and
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sesquiterpene production by over 130-fold relative to their production in wild type plants
(Figures 3.10c and 3.12b). To investigate if the AtHMGR-RcMPD tobacco platform is suitable
for heterologous production of valuable terpenoids, Santalum album santalene synthase (SaSSy)
was also coexpressed (Figure 3.13a) 26. Overexpression of SaSSy with AtHMGR and RcMPD
resulted in almost 10-fold higher emitted levels of the non-native sesquiterpenes α-exo
bergamotene and α-santalene relative to overexpression of the SaSSy gene alone in wild type
background (Figure 3.13 b, c).

Figure 3.13 AtHMGR1-RcMPD tobacco platform for high production of terpenoids in plants.
a, Levels of SaSSy and AtHMGR1 mRNAs in wild type and RcMPD-4 transgenic tobacco leaves
infiltrated with Agrobacterium carrying SaSSy construct alone and AtHMGR1 construct with
SaSSy construct. Absolute transcript levels of SaSSy and AtHMGR1 are shown as pg/μg total
RNA (means ± s.e.m., n=3 biological and 3 technical replicates). b and c, Emission of introduced
santalenes (α-santalene and exo-α-bergamotene). Wild type and MPD-4 tobacco leaves were
used as genetic background for transient overexpression of AtHMGR1 and SaSSy in different
combinations and are shown on y-axis. Data are means ± s.e.m. (n=3 biological replicates). *,
P<0.05; **, P<0.001 (Student’s t-test).
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3.3.6

PMK contributes to controlling carbon flux through the MVA pathway

The introduced bacterial RcMPD and endogenous NtPMK genes both encode enzymes that use
MVAP as a substrate (Figure 3.1). While PMK in plants resides in peroxisomes27, we assumed
that the bacterial RcMPD would a priori localize to the cytoplasm. In this scenario, the increase
in terpenoid production observed in RcMPD transgenic lines may result from the introduction of
an alternative biosynthetic route that bypasses the peroxisomal MVAP import and IPP export
steps associated with the naturally-occurring plant MVA pathway (Figure 3.1). To test this
hypothesis, we first examined the in planta subcellular localization of the introduced RcMPD
protein. GFP was fused to either the N316 terminus or C-terminus of RcMPD and transiently
expressed in N. benthamiana leaves. The GFP signal for the C-terminal GFP fusion protein
RcMDP-GFP was detected in the cytoplasm (Figure 3.14). In contrast and unexpectedly, the
green fluorescence of GFP associated with N-terminal GFP fusion protein GFP-RcMPD was
observed in peroxisomes (Figure 3.14), suggesting that the bacterial RcMPD possesses a cryptic
peroxisomal targeting signal blocked upon fusion of GFP to RcMPD’s C322 terminus. Further
examination of the bacterial RcMPD sequence revealed a peroxisomal targeting signal type 2
(PTS2; (R/K) (L/V/I) X5 (H/Q) (L/A)) (Figure 3.15)28, which, despite not being present in the Nterminus, was perhaps still recognized by the plant peroxisomal import machinery.

Given RcMPD’s peroxisomal localization, enhanced terpenoid production in RcMPD- and MPD4-AtIPK tobacco transgenics indicates that peroxisomal MVAP levels are sufficient to achieve
the observed increases in overall terpenoid production (Figure 3.12b). Therefore, these results
suggest that in the classical MVA pathway, flux is, in part, limited by the conversion of MVAP
to MVAPP by PMK. To test this hypothesis, Arabidopsis PMK was transiently overexpressed in
wild-type tobacco leaves under control of the CaMV 35S promoter (Figure 3.16a). Relative to
the empty-vector control, AtPMK overexpression led to 4- and 44-fold increases in βcaryophyllene and 5-epi-aristolochene levels, respectively, with neglible effects on monoterpene
levels (Figure 3.16b). Next, because HMGR is presumed to catalyze the rate-limiting step of the
MVA pathway1, 2,6,7, we transiently coexpressed AtHMGR with AtPMK in wild-type tobacco
leaves (Figure 3.16a). Similarly, compared to empty-vector controls, transient overexpression of
AtHMGR alone led to increased emission of sesquiterpenes (2.8- and 9.4-fold for βcaryophyllene and 5-epi-aristolochene, respectively) with no discernable effect on monoterpene
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levels (Figure 3.16b). Compared to overexpressing AtPMK and AtHMGR individually,
overexpressing the two genes together further increased β-caryophyllene and 5-epi-aristolochene
emission by 17- and 63-fold, respectively, relative to the empty vector control (Figure 3.16b).
Coexpressing AtPMK and AtHMGR also increased emission of monoterpenes, on average, by
4.6-fold (Figure 3.16b), indicating that sufficient IPP levels are produced in the cytoplasm to
drive plastidial terpenoid biosynthesis. These results demonstrate that PMK does indeed share
control of flux with HMGR through the plant MVA pathway.

PMK may exert control on flux through the MVA pathway by pulling on the peroxisomal
MVAP pool imported from the cytoplasm. This shift in the transport equilibrium toward
peroxisomes depends on PMK catalytic efficiency and PMK’s peroxisomal concentration. In
contrast to all other enzymes of the classical MVA pathway except MKs, PMKs are encoded by
single copy genes6. Previous biochemical characterization of Arabidopsis PMK (AtPMK,
At1g31910) as well as N. tabacum PMK (NtPMK, XP_016504246) performed here, shows that
PMKs possess high specificity for MVAP with KM values of 12 μM13 and 31μM, respectively
(Table 3.3). The catalytic efficiencies (kcat/ KM) of PMKs from both species were comparable
(1.7 × 106 and 7.1 × 105 M-1s-1 for AtPMK13 and NtPMK, respectively). These efficiencies are
also similar to AtIPK (1.0 × 105 M-1s-1) characterized previously14 and NtIPK (XP_009616074)
(2.3 × 105 M-1s-1) characterized here (Table 3.3). As PMK is catalytically efficient (Table 3.3),
and its encoding gene is one of the most highly expressed MVA pathway genes6, unexplored
transcriptional and/or posttranscriptional regulation may control PMK activity and metabolic
flux through the MVA pathway.
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Figure 3.14 Subcellular localization of introduced RcMPD.
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Figure 3.14 Subcellular localization of introduced RcMPD.
Schematic diagram of the GFP fusion constructs is shown on the left , and the corresponding
transient expression in N. benthimiana leaves detected by confocal laser scanning microscopy is
shown on the right. a, Transient overexpression of GFP empty vector control. b, RcMPD fused to
an N-terminal of GFP (MPD-GFP). c, RcMPD fused to a C-terminal GFP (GFP-MPD). GFP
fluorescence and chlorophyll autofluorescence are shown in the left and middle panels,
respectively, while the merged panels show the overlay of GFP and chlorophyll fluorescence.
GFP alone and chlorophyll autofluorescence were used as cytosolic and plastidic markers,
respectively. d - f, show coinfiltration of RcMPD GFP constructs with peroxisomal (px-rk) (d, e)
and mitochondrial (mt-rk) (e) markers, labeled with RFP and shown in the middle. The merged
panels show the overlay of GFP and RFP fluorescence. Scale bar, 5 μm.
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Figure 3.15 Sequence alignment of RcMPD with Arabidopsis AtMDD1 and AtMDD2.
Identified putative PTS2 motifs AtMDD1 and AtMDD2 are shown in blue27. The traditional
plant PTS2 signal, (R/K) (L/V/I) X5 (H/Q) (L/A), shown in red, was identified in RcMPD.
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Figure 3.16. Effect of AtPMK and AtHMGR1 overexpression on terpenoid formation in tobacco
leaves.
a, Levels of AtPMK and AtHMGR1 mRNAs in wild type tobacco leaves infiltrated with
Agrobacterium carrying the empty vector control (WT-EV) (black bars), the AtPMK construct
(white bars), AtHMGR1 construct (gray bars) and AtPMK construct with AtHMGR1 construct
(dotted bars). Absolute transcript levels of AtPMK and AtHMGR1 are shown as pg/200 ng total
RNA (means ± s.e.m., n=3 biological replicates). b, Sesquiterpene and monoterpene emission
from tobacco wild type leaves transiently overexpressing EV, AtPMK, AtHMGR1 and AtPMK
and AtHMGR1 together. Data are means ± s.e.m. (n ≥ 3). *, P<0.05; **P<0.001 (Student’s t-test).
Table 3.3 Kinetic parameters of N. tabacum PMK and IPK.
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3.4

Conclusion

Our study shows that Nudix hydrolases function as a part of key regulatory machinery capable of
modulating the metabolic outcome of terpenoid metabolic networks in plants. Furthermore, the
work described here demonstrates that IP and possibly DMAP in plants is not produced de novo,
nor is it the result of cumulative effects of non-specific phosphatase activity. Instead, IP and
possibly DMAP originate from the active dephosphorylation of IPP (DMAPP) by dedicated
Nudix hydrolases that, together with IPK, coordinately regulate the concentration of IPP destined
for higher order terpenoid biosynthesis. Introducing de novo IP formation by overexpressing a
bacterial RcMPD in tobacco revealed that a heterologous, alternate route for MVA pathway
metabolic flux increases the overall production of terpenoids produced via both the MVA and
MEP pathways. The unexpected peroxisomal localization of the overexpressed RcMPD, which
competes for the same MVAP substrate as PMK, demonstrates that the MVAPP formed by PMK
is likely a limiting factor for the biosynthesis of downstream MVA-derived terpenoids. Indeed,
transient overexpression of AtPMK in wild-type tobacco led to an increase in emitted
sesquiterpenes, as did overexpression of AtHMGR (Figure 3.16b), the encoded enzyme of which
has long been considered to catalyze the rate-limiting step in the MVA pathway. Coexpression of
AtPMK and AtHMGR substantially enhanced formation of both sesquiterpenes and monoterpenes
relative to the empty-vector controls (Figure 3.16b), suggesting that these two genes are
positively epistatic and encode enzymes that have major roles in controlling flux through the
plant MVA pathway. When AtHMGR was coexpressed with RcMPD, the latter of which
provides a bypass to the PMK-catalyzed reaction, again, synergistic effects were observed for
both emitted sesquiterpenes and monoterpenes (Figure 3.12b). These results further support
PMK being an unsuspected regulatory hub in the plant MVA pathway and hint at a role for IP in
regulating the formation of both MVA and MEP pathway-derived terpenoids. Beyond advancing
fundamental knowledge, this study offers new strategies for high-level production of
economically valuable isoprenoids.
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3.5
3.5.1

Methods
Plant material

Nicotiana tabacum cv. Xanthi was used for generation of transgenic lines and transient
expression. Arabidopsis T-DNA insertion mutant lines, nudx1-1 (SALK_025320C), nudx1-2
(SAIL_236_D10), nudx3-1 (SAIL_554_G07) and nudx3-2 (SALK_009963), were obtained from
the Arabidopsis Biological Resource Center (ABRC). Homozygosity of obtained mutant lines
were verified by PCR on isolated genomic DNA using respective gene- and T-DNA borderspecific primers designed using T-DNA Express Primer Design (Salk Institute). All plant
material was grown in greenhouse or growth room under 16 h light/ 8h dark photoperiod.
3.5.2

Generation of transgenic tobacco plants overexpressing RcMPD

RcMPD open reading frame (ORF) was codon optimized for plant systems and synthesized by
Clontech (Mountain View, CA). It was subcloned into the binary vector pB2GW7 under control
of the cauliflower mosaic virus 35S promoter using the Gateway LR Clonase II (Invitrogen).
Transgenic tobacco plants were obtained via Agrobacterium tumefaciens (strain EHA105
carrying 35S-RcMPD) leaf discs transformation using a standard transformation protocol29.
Plants rooted on BASTA selection (1 mg/L) were screened for the RcMPD presence using
forward and reverse, RcMPD_qRT_for and RcMPD_qRT_rev, primers (Table 3.4).
Untransformed tobacco plants as well as plants transformed with empty vector were used as
controls in all experiments.
3.5.3

Transient overexpression in tobacco

For transient overexpression constructs, ORFs of AtHMGR1 (G12571), AtPMK (U65928), AtIPK
(GC104863), AtNudx1 (G50379), AtNudx3 (U16680) were obtained from ABRC and transferred
from a Gateway compatible entry vector into the binary vector pB2GW7 under control of the
cauliflower mosaic virus 35S promoter using the Gateway LR Clonase II (Invitrogen). For the
santalene synthase overexpression construct, full length Santalum album santalene synthase
(SaSSy) was also subcloned into the binary vector pB2GW7. Transient overexpression was
achieved by Agrobacterium tumefaciens (strain EHA105 carrying the corresponding construct)
infiltration of two-to-three leaves of wild type or RcMPD-4 transgenic tobacco plants as
described previously30. Twenty-four hours after infiltration, scent emission was analyzed. For
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plants co-infiltrated with multiple constructs, equal amounts of Agrobacterium cultures with
OD600 1.0 were mixed and infiltrated.
3.5.4

RNA isolation and qRT-PCR

RNA isolation from Arabidopsis and tobacco tissues, cDNA synthesis and qRT-PCR analysis
were performed as described previously14. Gene specific primers were designed using the
PrimerExpress software (Applied Biosystems) and are shown in Table 3.4. For the absolute
quantification of gene transcript levels, respective cDNA fragments were purified, diluted to
several concentrations between 160 pg/ml and 1.28 pg/ml, and used to generate standard curves
in qRT-PCR with gene-specific primers. Absolute quantities of individual transcripts were
calculated based on standard curves, and expressed as a pg of mRNA per 200 ng of total RNA or
as a percentage of the expression in wild-type. Each data point represents three biological and
three technical replicates.
3.5.5

Metabolic profiling

Sterol extraction and analysis were performed as described previously14. Floral and leaf volatiles
were collected using a closed-loop stripping system as described earlier14.
3.5.6

Subcellular localization

The RcMPD ORF was cloned into binary vectors pK7FWG2 and pK7WGF2 with and without
stop codons to generate N- and C-terminal GFP-fusion constructs, respectively. mCherry
markers for peroxisome (px-rk CD3-983) and mitochondria (mt-rk CD3-991) were coinfiltrated
with GFP constructs40. Constructs, markers, and empty vector controls were transformed into
Agrobacterium (EHA105) and infiltrated into 3-week-old Nicotiana benthamiana leaves as
previously described30. Plant tissues were analyzed one-to-two days after infiltration using the
Nikon A1Rsi laser scanning confocal microscope as described previously31.
3.5.7

Heterologous expression and purification of recombinant proteins

Nicotiana tabacum PMK and IPK ORFs were codon optimized for E. coli expression and
synthesized by SGI-DNA (La Jolla, CA) and Integrated DNA Technologies (Skokie, Illinois),
respectively. The ORFs of Arabidopsis Nudix genes were PCR amplified from cDNA with genespecific forward and reverse primers (Table 3.4), with the exception of AtNudx3, which was
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obtained from the Arabidopsis Biological Resource Center (clone U16680). Transit peptide
sequences were excluded when present. ORFs were cloned into a modified pET28b vector with
an N-terminal His8-tag by the In-Fusion cloning system (Takara Bio USA, Mountain View, CA).
ORFs for Nudix 4, 8-11, 16-18, 21-24, and 26 were also cloned into cold-shock expression
vector pCold I DNA (Takara Bio USA, Mountain View, CA). The resulting constructs were
transformed into BL21(DE3) E. coli and grown in terrific broth (TB) media supplemented with
50 μg/mL kanamycin or 100 μg/mL ampicillin. Protein expression was induced with 0.5 mM
isopropyl 1-thio-β-D-galactopyranoside at 18 °C for pET28b or 15 °C for pCold I DNA. After 20
– 24-h incubation, cells were harvested by centrifugation and lysed by sonication in 50 mM
Tris.HCl pH 8.0 buffer, 0.5 M NaCl, 20 mM imidazole, and 10% glycerol. After removal of the
cell debris by centrifugation, expressed proteins were purified from the supernatants by
immobilized metal affinity chromatography with HisPur Ni-NTA resin (ThermoFisher
Scientific). Pure proteins were eluted with 50 mM Tris.HCl pH 8.0, 0.5 M NaCl buffer
supplemented with 250 mM imidazole followed by buffer exchange to 50 mM Tris.HCl pH 8.0
and 0.2 M NaCl for storage. For crystal screening and steady-state kinetic analysis, the Nterminal His8-tag of AtNudx1 and AtNudx3 were removed with thrombin and remaining
histidine tagged protein was removed by passing over HisPur Ni-NTA resin. AtNudx1 and
AtNudx3 were further purified by size exclusion chromatography on a Superdex 200 16/60
column (GE Lifesciences) equilibrated and eluted with 50 mM Tris.HCl pH 8.0 supplemented
with 0.2 M NaCl and 2 mM DTT.
3.5.8

Enzyme assays

Phosphatase activity was monitored at 37oC using BIOMOL Green reagent (Enzo Life Sciences)
to detect and quantify released phosphate at 623 nm using a phosphate standard curve. The
optimum pH for activity was determined using a three component buffer system of 50 mM acetic
acid, 50 mM MES, and 100 mM Tris-HCl with 0.1 mM IPP as substrate. Magnesium ion
dependence was investigated with 1 mM to 20 mM MgCl2. Steady-state parameters were
determined in 100 mM TAPS pH 8.5 with 10 mM MgCl2 and varied concentrations of substrates
IPP (Isoprenoids), DMAPP (Isoprenoids), GPP (Isoprenoids), FPP (Isoprenoids), and 8-oxodGTP (TriLink Biotechnologies). Assays with 8-oxo-dGTP included 0.05 U of inorganic
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pyrophosphatase (ThermoFisher Scientific) per 0.1 mL assay. Reactions were initiated by the
addition of enzyme and quenched by the addition of BIOMOL Green.

Activities of NtPMK and NtIPK were analyzed by the lactate dehydrogenase pyruvate kinasecoupled assay as detailed previously14. Briefly assays were conducted in 100 mM Na+-HEPES
pH 7.5 supplemented with 8 mM MgCl2 and 100 mM KCl with coupling enzymes pyruvate
kinase/lactate dehydrogenase (Sigma), 4 mM ATP, 2 mM phosphoenolpyruvate, 0.16 mM
NADH and varied concentrations of (R)-MVAP (Sigma) and IP (Isoprenoids) as substrate for
NtPMK and NtIPK, respectively. Reactions were monitored at 340 nm and 30 °C.

Controls included assays without enzyme and without substrate. All enzyme assays were
performed at an appropriate enzyme concentration so that reaction velocity was linear and
proportional to enzyme concentration during the incubation time period. Kinetic data were fit
using Prism (GraphPad Software) to the Michaelis–Menten equation to compute KM and kcat. At
least triplicate assays were performed for all data points.
3.5.9

Crystallization and structure solution

Crystallization trials were conducted by the hanging drop method using Hampton Research
crystal screens. Typically, 1 μl of protein at 12 mg/ml in 50 mM Tris-HCl pH 8.0, 0.2M NaCl,
and 2 mM DTT was mixed with 1 μl of each reservoir solution and incubated at 4°C over 500 μl
reservoir solution. Ligand bound structures were obtained by cocrystallization with 5 – 10 mM
ligand. Diffraction quality AtNudx1 crystals were obtained from a mixture of the protein with
0.1 M succinic acid pH 5.0, 20% PEG 4000, and 0.3 M Mg(NO3)2. Crystals were flash frozen in
cryoprotectant of 17% ethylene glycol and reservoir buff plus substrate. X-ray diffraction data
were collected at beamlines 8.2.1 and 8.2.2 of the Advanced Light Source at Lawrence Berkeley
National Laboratory. Diffraction images were indexed and integrated with iMosflm32 , and the
measured reflection intensities were scaled and merged using CCP4 Aimless33. The initial
structural elucidation of AtNudx1 was obtained by molecular replacement with CCP4 MolRep34
using a search model derived from Rickettsia Felis MutT (pdb entry 4KYX) with nonconserved
amino-acid residues pruned using CPP4 Chainsaw35. Autobuilding was performed with Phenix
Autobuild36. The structural model was refined with Phenix Refine and inspected against
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electron-density maps and adjusted manually in Coot37. Subsequent structure determinations of
other forms of AtNudx1, which crystallized isomorphously, were initiated with the refined
AtNudx1 model, after omission of ligands and water molecules.
3.5.10 GUS staining and imaging
Approximately 2 kb region upstream of each AtNudx1 and AtNudx3 genes was cloned from
Arabidopsis Col-0 genomic DNA with primers containing attB Gateway linkers (pNDX1_F and
pNDX1_R2; pNDX3_F and pNDX3_R2; Table 3.4). The PCR products were inserted into the
pDONR207 entry vector via a BP clonase I Gateway reaction (Invitrogen) and the fragment was
sequenced to verify the identity of the insert. The insert was then moved from the pDONR207
entry vector into a pMDC163 expression vector (GUS expression vector) by LR clonase I
Gateway reaction (Invitrogen)38. This expression vector was then transformed into
Agrobacterium tumefaciens GV3101 and used for infiltration of A. thaliana Col-0 plants via the
floral dip method39. Hygromycin resistant transformants were selected for GUS colorimetric
assays.

Tissues were fixed in 90% acetone for 40 min at -20 °C, washed twice with phosphate buffer (pH
7.0), added to GUS staining solution (0.1% Triton X-100, 10 mM EDTA, 2 mM Ferrocyanide, 2
mM Ferricyanide, 100 mM sodium dibasic phosphate, 100 mM sodium monobasic phosphate,
and 4 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronide), vacuum infiltrated for 5 minutes, and
incubated at 37 °C until staining was visible or maximum for 4 days. Tissues were then cleared
in 70% ethanol for 2 days then imaged in a 8:2:1 chloral hydrate: distilled water: glycerol
solution. Images were taken on a Nikon Eclipse Ti-2 inverted microscope with a Nikon Digital
Sight DS-Fi2 camera. Expression patterns were verified for each construct in at least 3
independent transgenic lines to account for positional effects of the insert.

3.6
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CHAPTER 4.
WIDESPREAD METABOLIC PROFILING OF
LAMIACEAE SHOW TRADEOFF BETWEEN MONOTERPENE AND
IRIOID BIOSYNTHESIS

4.1

Abstract

The evolution of chemical complexity has been a major driver of plant diversification, with
novel compounds serving as key innovations. The species-rich mint family (Lamiaceae)
produces an enormous variety of compounds that act as attractants and defense molecules in
nature and are used widely by humans as flavor additives, fragrances, and anti-herbivory agents.
To elucidate the mechanisms by which such diversity evolved, we combined leaf transcriptome
data from 48 Lamiaceae species and four outgroups with a robust phylogeny and chemical
analyses of three terpenoid classes (monoterpenes, sesquiterpenes, iridoids) that share and
compete for precursors. Our integrated chemical-genomic-phylogenetic approach revealed that: 1)
gene family expansion rather than increased enzyme promiscuity of terpene synthases is
correlated with mono- and sesqui-terpene diversity; 2) differential expression of core genes
within the iridoid biosynthetic pathway is associated with iridoid presence/absence; 3) generally,
production of iridoids and canonical monoterpenes appeared to be inversely correlated; and 4)
iridoid biosynthesis was significantly associated with expression of geraniol synthase, which
diverts metabolic flux away from canonical monoterpenes, suggesting that competition for
common precursors can be a central control point in specialized metabolism. These results
suggest that multiple mechanisms contributed to the evolution of chemodiversity this
economically important family.

4.2

Introduction

Chemical diversity, a consequence of specialized metabolic pathways that branch from primary
metabolism, is a key driver in angiosperm diversification, as exemplified by the evolution of
glucosinolates (mustard oils) as anti-herbivory compounds in Brassicales (Edger et al., 2015;
Ettlinger and Kjaer, 1968), betalains as colorful pigments in Caryophyllales (Brockington, 2011),
and sesquiterpene compounds that function in biotic stress in Asteraceae (Chadwick et al., 2013;
Heywood et al., 1977). Specialized metabolites typically originate from a small group of
This chapter is a manuscript that has been accepted by Molecular Plant. My contributions include all mono- and
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sesquiterpene profiling.
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precursors, which are subjected to multiple sequential modifications to yield an array of distinct
end-products. Terpenes are an outstanding example of this process: consider, for example,
monoterpenes, sesquiterpenes, and iridoids (non-canonical monoterpenes). All are derived from
the same precursors, but through an initial divergent scaffold formation and subsequent
modifications, a wide variety of chemical structures and properties are produced (Figure 4.1).

Lamiaceae (mint family) are the sixth largest family of angiosperms and include many culturally
and economically important species used as sources of flavor additives [e.g., basil (Ocimum L.),
rosemary (Rosmarinus L.), peppermint (Mentha × piperita L.)], fragrance [e.g., English lavender
(Lavandula angustifolia Mill.)], cosmetics [e.g., mint (Mentha L.)], ornamentals [e.g., coleus
(Plectranthus L’Hér.)], and anti-herbivory compounds [e.g., sage (Salvia officinalis L.)]. The
family exhibits an exceptionally high degree of secondary metabolite diversity, providing antimicrobial, anti-herbivory, and pollinator attraction functions in nature, and resources for human
health, food, and agricultural purposes. Monoterpenes, iridoids, and sesquiterpenes are
responsible for many of these functions.

Monoterpenes and iridoids are both derived from geranyl pyrophosphate (GPP), produced by the
methylerythritol phosphate (MEP) pathway (Figure 4.1a). In the plastid, monoterpene synthases
transform GPP to many different monoterpene scaffolds in a single enzymatic reaction (Figure
4.1b). In iridoid biosynthesis, the dedicated monoterpene synthase, geraniol synthase (GES),
converts GPP to geraniol, which is then exported to the cytosol where it is hydroxylated,
oxidized, and then cyclized, forming the iridoid scaffold that can undergo a wide array of
derivatizations (Figure 4.1c). Sesquiterpenes, while synthesized in the cytosol mainly via the
mevalonate (MVA) pathway, compete for isopentenyl diphosphate (IPP) derived from the MEP
pathway, which is transported to the cytosol and converted to farnesyl diphosphate (FPP) which
is then utilized by sesquiterpene synthases to produce a diverse array of sesquiterpenes (Figure
4.1d).

Lamiaceae is rich in terpenoids (Lange et al., 2000), making this family an excellent target for an
evolutionary based study of specialized metabolism. The evolution of plant metabolite diversity
can be achieved via gene or genome duplication followed by sub- or neo-functionalization, an
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increase of enzyme promiscuity, and/or utilization of scaffold-decorating enzymes ((Kliebenstein
et al., 2001; Matsuno et al., 2009; Moghe et al., 2017; O'Maille et al., 2008; Ono et al., 2010;
Schilmiller et al., 2015; Xu et al., 2017); for review see Weng et al (2012)). However, the
selective pressures responsible for the generation of extensive chemical diversity with a set of
related taxa, and the biochemical, molecular, and genetic mechanisms by which such diversity
evolves, remain largely unknown. We performed a transcriptomic and metabolomic survey of the
leaf transcriptome in 48 phylogenetically diverse species of Lamiaceae, constructed a molecular
phylogeny that was coupled with transcript sequences, expression abundances, gene orthology,
and terpenoid metabolite profiles, that suggests multiple evolutionary mechanisms collectively
led to the extensive chemodiversity in Lamiaceae.
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Figure 4.1 Biosynthetic pathways leading to production of monoterpenes, sesquiterpenes,
iridoids and key specialized metabolites of interest within Lamiaceae.
a, Schematic of mevalonate (MVA), 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose
5-phosphate (MEP), iridoid, and terpene metabolic pathways including their subcellular
localization. Abbreviations: MVA pathway leading to sterols and sesquiterpenes [acetyl-CoA
acetyltransferase activity (AACT); 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMGS);
hydroxymethylglutaryl-CoA reductase (HMGR); ATP:mevalonate phosphotransferase (MK);
mevalonate 5-phosphate (MVAP); phosphomevalonate kinase (PMK); mevalonate 5diphosphate (MVAPP); mevalonate diphosphate decarboxylase (MDD); isopentenyl-diphosphate
(IPP); isopentenyl-diphosphate delta-isomerase (IDI); dimethylallyl diphosphate (DMAPP);
geranyltranstransferase (FPPS); farnesyl diphosphate (FPP); squalene synthase (SQS);
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Figure 4.1 (continued) TPS (terpene synthase); MEP pathway leading to geraniol, monoterpenes,
and diterpenes [1-deoxy-D-xylulose-5-phosphate synthase (DXS); 1-deoxy-D-xylulose-5phosphate reductoisomerase (DXR); 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
(MCT); 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (CMK); 2-C-methyl-Derythritol 2,4-cyclodiphosphate synthase (MDS); 4-hydroxy-3-methylbut-2-en-1-yl diphosphate
synthase (HDS); 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase (HDR); geranyl
pyrophosphate synthase small subunit (GPPS-SSU); geranylgeranyl pyrophosphate synthase
large subunit (GGPPS-LSU); geranyl diphosphate (GPP); geranylgeranyl diphosphate (GGPP);
geraniol synthase (GES)]; Iridoid pathway [geraniol 8-hydroxylase (G8H); 8-hydroxygeraniol
oxidoreductase (8HGO); iridoid synthase (ISY); iridoid oxidase (IO); 7-deoxyloganetic acid
glucosyltransferase (7DLGT); 7-deoxyloganic acid hydroxylase (7DLH); loganic acid
methyltransferase (LAMT]; Terpene synthases [TPS a, b, c, g, e/f]. Representative metabolites
assayed in this study are shown: b, Monoterpenes. c, Iridoids. d, Sesquiterpenes. Widely
distributed terpenoids and iridoids are drawn in black; other colors represent clade-specific
terpenes and iridoids with the color-coding shown in Figure 4.2.
4.3
4.3.1

Results
Phylogeny of Lamiaceae as revealed through transcribed sequences

To capture and adequately reconstruct chemical evolution across the mint family, we selected 48
species from 11 of 12 recognized subclades representing the phylogenetic diversity of Lamiaceae;
four species from Lamiales families were selected as outgroups (Appendix B). As the leaf is the
primary site of photosynthesis and carbon fixation, as well as terpenoid production (Turner and
Croteau, 2004), we generated transcriptomes for all 52 species from young leaves, resulting in an
average of 64,381 transcripts representing 51.3 Mb per species (Appendix B). The number of
transcripts and total base pairs per assembled transcriptome were highly variable across the 52
species (Appendix B), suggestive of polyploidy and/or extensive heterozygosity, both of which
have been reported in the family (Morton, 1973; Vining et al., 2017; Xu et al., 2016) and would
result in assembly of distinct transcripts for alleles, paralogs, homologs, and/or homeologs.

Previous plastid-based molecular studies of Lamiaceae identified major subclades (recognized as
subfamilies), although interrelationships among these subclades remain unclear (Bendiksby,
2011; Chen, 2014; Li et al., 2016; Li, 2012) (Figure 3.2). We mined sequences representing
nuclear genes that are generally single-copy across all angiosperms (De Smet et al., 2013) from
our filtered transcriptomes and used them to reconstruct species relationships. We identified 520
putatively single-copy nuclear genes from our data for Lamiaceae. Phylogenetic analyses based
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on these genes (>652 kb) supported the monophyly of Lamiaceae and confirmed 10 of 12
previously identified subclades (Li et al., 2016); Premnoideae were not recovered, and
Cymarioideae were not sampled. Relationships were well resolved at nearly all nodes in both the
maximum likelihood (ML) and species trees (Figure 3.3; Figure 3.4). A clade of Callicarpa
(Callicarpoideae) + Prostantheroideae is sister to the rest of Lamiaceae, which form two clades:
Nepetoideae (with approximately half of all Lamiaceae species) and a clade of Tectona
(Tectonoideae), Symphorematoideae, Scutellarioideae, Ajugoideae, Lamioideae, Petraeovitex
Oliv. (Peronematoideae), and a grade of species previously classified in Viticoideae sensu Harley
et al. (2004) which is not monophyletic in our analysis. The monophyly of Premnoideae and its
phylogenetic position were not supported, and the species tree indicated gene tree discordances
for relationships among Petraeovitex, Lamioideae, and Ajugoideae (Figures 3.2, 3.3, 3.4).
Significantly, both topologies obtained differed considerably from those of Li et al. (2016), with
the exception of strong support for Viticoideae + Symphorematoideae and for Prostantheroideae
+ Callicarpoideae as sister to all remaining Lamiaceae
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Figure 4.2 Six family-wide phylogenetic hypotheses for Lamiaceae.
Summary trees shown here are from (a) Bendiksby et al. (16), (b) Li et al. (17), (c) Chen et al.
(18), (d) Li et al. (19), and the maximum likelihood (ML) and ASTRAL-II trees generated by
this study (e and f, respectively). For comparison of interfamilial relationships, taxonomic names
were revised to reflect Li et al. (19) and Li and Olmstead (75). Jackknife range values are
indicated above the branches (a). Parsimony and ML bootstrap support values are indicated
below and above the branches, respectively (b, c, d, e, f).
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Figure 4.3 ASTRAL-II trees
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Figure 4.3 ASTRAL-II trees (continued). (a) ASTRAL-II species tree estimated from 520 ML
gene trees reconstructed with RAxML. Refers to Figure 4.4. Support values are from 1,000
bootstrap replicates; nodes without values have BS< 50%. Branch lengths are in coalescent units.
(b) ASTRAL-II tree for Lamiaceae with summary of conflicting and concordant gene trees
produced with Phyparts. For each branch, the top number indicates the number of gene trees
concordant with the species tree at that node, and the bottom number indicates the number of
gene trees in conflict with that clade in the species tree. The pie charts at each node present the
proportion of gene trees that support that clade (blue), the proportion that support the main
alternative for that clade (green), the proportion that support the remaining alternatives (red), and
the proportion that inform (conflict or support) this clade that have less than 50% bootstrap
support (grey).
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Figure 4.4 Phylogenetic relationships among sampled species.
Maximum likelihood (ML) tree inferred from 520 single-copy nuclear genes derived from leaf
transcriptomes. The topology is shown as a cladogram, with a phylogram illustrating the tree
shape shown as an inset. Subfamilial classification for all species are color-coded according to
the key provided (Li et al., 2016),(Li and Olmstead, 2017). All nodes in the tree are fully
supported by the ML bootstrap results (BS = 100%), except where indicated by a number or an
asterisk (BS < 50 %). Dashed lines show topological incongruences with ASTRAL-II results
(Figures 4.2, 4.3; see methods). Representative species denoted in the tree (A through W) are
shown as floral silhouettes.
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4.3.2

Chemical diversity of Lamiaceae

Since Lamiaceae leaves produce essential oils rich in terpenoids (as reviewed in Lange (Lange,
2015)), we performed metabolic profiling of young leaf tissue to capture terpenoid diversity
across the Lamiaceae phylogeny. Using GC-MS, we identified a total of 44 monoterpenes and 39
sesquiterpenes (Appendices C, D; Figure 4.5 a,b) and obtained metabolic profiles were generally
in good agreement with literature reports (Bozin et al., 2006; Crocoll et al., 2010; Gershenzon et
al., 2000). Of the 83 volatile compounds detected by GC-MS, 14 were unique to a single species.
We reconstructed the presence/absence of these metabolites across the ML phylogeny; select
ancestral state reconstructions are presented as Figure 4.6. Evolutionary patterns of the remaining
monoterpenes and sesquiterpenes are complex, with parallel gains and losses of individual
compounds. For example, the distribution of linalool across Lamiaceae shows little phylogenetic
signal, with frequent gains and losses throughout the family (Figure 4.6d). In contrast, many
other compounds appear to have originated or been lost just a few times in parallel, often in
distantly related species (e.g., across the deep major split in the family in Nepetoideae and its
sister clade) (Figure 4.6). Examples of this latter pattern include the loss of the sesquiterpene βcaryophyllene in parallel in Homskioldia, Clerodendrum, Ajuga, Lycopus + Prunella, and Nepeta
(Figure 4.6f) and the parallel gains of caryophyllene oxide, which occurs in Tectona,
Petraeovitex, Lamium, Lavandula, Plectranthus, Thymus, and Origanum, and guaiol, which is
produced by Cornutia and Agastache.

We also quantified the phylogenetic signal in binary (presence/absence) and continuous
metabolite data (Appendix E) and tested if the traits of species were structured as the result of
shared ancestry. Sesquiterpenes were distributed evenly throughout the family, with 46 of 48
Lamiaceae species producing these compounds (Figure 4.5b). However, sesquiterpenes were
undetected in leaves in the four outgroup species; consequently, we detected a very strong
phylogenetic signal in binary trait data for these metabolites (D = -1.419, P < 0.001; Appendix
E). However, sesquiterpenes have been reported in several species of Lamiales outside
Lamiaceae (Hudaib et al., 2013; Sena Filho et al., 2010). Therefore, the evolution of the
sesquiterpenes in Lamiaceae remains unresolved with this dataset. Binary monoterpene traits
exhibited a random distribution across the phylogeny (Appendix E), but the level of diversity of
these metabolites differed between the largest mint clades. The greatest levels of monoterpenes
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were found in Nepetoideae, with species-specific chemical diversity ranging from 1 to 17
compounds and the highest diversity observed in Perovskia atriplicifolia Benth. (Russian sage)
and L. angustifolia. Linalool and α- and β-pinene were frequently detected (up to 27 of 48
species) across Lamiaceae, while some monoterpenes were species-specific among our samples
(e.g., menthol in peppermint, thymol in Thymus vulgaris L. (thyme)). In all, the presence/absence
of 12 metabolites exhibited a moderate to very strong phylogenetic signal (Appendix E).

Our LC-MS analysis tentatively identified 64 iridoid glycosides, distributed throughout
Lamiaceae, and we detected phylogenetic structure in binary data for these metabolites (Figure
4.5b; Appendices E, F; D = 0.160, P = 0.005). These metabolic profiles were largely consistent
with previous literature reports of mint-derived iridoids (Appendix F), though we did not observe
all iridoids that had been previously observed, likely due to differences in developmental stage or
cultivar (Appendix F). GC-MS analysis also identified two iridoid aglycones that were volatile:
nepetalactone, in both species of Nepeta (Nepeta cataria L. (catnip) and Nepeta mussinii Spreng.
ex Henckel (dwarf catmint)), and iridodiol, in Callicarpa americana L. (American beautyberry)
(see SI Text). As noted in previous chemosystematic studies of Lamiaceae (El-Gazzar, 1970;
Hegnauer, 1989; Kooiman, 1972; Taskova, 1997; Wink, 2003), Nepeta is remarkable as an
iridoid producer within the large, non-iridoid-producing clade, Nepetoideae. Thus, metabolomics
profiling has consistently shown that iridoids appear to have been lost in Nepetoideae, but then
re-emerged in Nepeta (see below and Figure 4.6). Furthermore, most iridoids identified in this
study were the 8R-type glycosides typical of Lamiaceae, while Nepeta iridoids were of the Stype as previously reported for Nepeta (Jensen, 1991). In addition, we found lineage-specific
losses of iridoids in Lamiaceae outside of Nepetoideae (Figure 4.6). Species within Nepetoideae
exhibit the greatest monoterpene diversity (Fig. 3b)(El-Gazzar, 1970; Kooiman, 1972), and this
inverse relationship of monoterpenes and iridoids with respect to diversity of compounds
suggests that canonical monoterpene diversity in Nepetoideae may arise in part through more
available carbon flux from the common GPP precursor.
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Figure 4.5 Relationship of chemical diversity, gene duplication, and expression abundances
across Lamiaceae.
a, Phylogeny of the 48 surveyed Lamiaceae and four outgroup species colored by clade as shown
in Figure 4.4. b, Diversity of iridoid (i, orange), monoterpene (ii, green), and sesquiterpene (iii,
purple) compounds in the surveyed species. c, Orthogroup occupancy of genes in iridoid and
terpene biosynthesis. d, Gene expression levels shown as z-scores of genes in iridoid and terpene
biosynthesis. Species abbreviations are in Appendix B and gene family name abbreviations are
from Figure 4.1; orthogroup identifiers are from Appendix G.
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Figure 4.6 Maximum likelihood ancestral state reconstructions for six chemical diversity traits.
The tree shown is the ML tree from Fig. 4.2 with reconstructions for three chemical classes (a)
iridoids, (b) monoterpenes, and (c) sesquiterpenes, and a selection of compounds from Fig. 4.1:
(d) linalool (monoterpene), (e) camphor (monoterpene), and (f) β-caryophyllene (sesquiterpene).
The pie charts shown at individual nodes illustrate the likelihood for the ancestral states
reconstructed in Mesquite 3.11 (http://mesquiteproject.org). Character states scored for sampled
taxa are shown as circles before the taxon name; black and white circles indicate presence and
absence, respectively. Reconstructions for all chemical diversity traits (86 total) are available in
the Dryad repository.
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4.3.3

Biochemical pathway diversity in Lamiaceae

To understand the molecular basis for the loss and gain of terpenoids and their diversity across
Lamiaceae, we examined gene family expansion, contraction, and expression across metabolic
pathways. We generated putative orthologous and paralogous groups using the predicted
proteomes of all 52 species studied here and the predicted proteomes of five additional land
plants: Amborella trichopoda Baill., Arabidopsis thaliana (L.) Heynh., Catharanthus roseus (L.)
G. Don, Physcomitrella patens (Hedw.) Bruch and Schimp., and Selaginella moellendorffii
Hieron. In total, 1,838,621 proteins clustered into 86,548 orthologous/paralogous groups. To
validate the representation of genes within metabolic pathways, we assessed the canonical genes
involved in the tricarboxylic acid cycle (TCA) in the transcriptomes of all 52 species. For all
analyzed species, a similar number of genes with limited variation in copy number was identified
within 10 orthogroups encoding enzymes of the TCA cycle (Appendices G, H). Furthermore,
expression of genes within the TCA orthogroups did not significantly vary across all species, as
shown by the consistent z-scores (Appendices G, H). This expected expression pattern for a
primary metabolic pathway indicates that our assemblies and expression abundances provide a
robust and accurate assessment of leaf metabolism.

4.3.3.1 Iridoid biosynthetic pathway
Clustering of species based on the gene expression levels of orthogroups encoding iridoid
biosynthetic pathway enzymes (Appendix G) resulted in two distinct expression clusters:
primarily non-iridoid-producing species (Figure 4.7a: Group I) and primarily iridoid-producing
species (Figure 4.7a: Group II) with the presence/absence of iridoids significantly associated
with expression abundances of genes previously involved in iridoid biosynthesis. Group II
contains species (e.g. Petraeovitex bambusetorum (PEBA)) that do not produce iridoids, and this
trait may have been lost relatively recently as these plants still express genes of the iridoid
biosynthetic pathway; alternatively, they may contain low levels of iridoids undetectable by our
methods. Phlomis fruticosa (PHFR) and Nepeta species (NECA, NEMU) produce iridoids, yet
cluster with primarily non-iridoid-producing species (Figure 4.7a: Group I), highlighting the
unique nature of the iridoid pathway in these genera. The clustering of these three iridoidproducing species with non-iridoid producers may be due to differences in gene expression
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patterns, use of genes from different orthogroups to produce iridoids, and/or independent
evolution of the iridoid pathway (see below).

Orthogroups encoding enzymes involved in iridoid biosynthesis were analyzed individually to
test for associations in both orthogroup occupancy (using phylogenetic Poisson regression) and
expression (using phylogenetic logistic regression) among iridoid-producing and non-iridoidproducing Lamiaceae species (Figure 4.5c,d). Ten orthogroups showed significant associations
(P < 0.05) in orthogroup expression (Figure 4.7a). We observed the most significant associations
(P ≤ 0.001) in expression of orthogroups that encode GES, iridoid synthase (ISY), 8hydroxygeraniol oxidoreductase (8HGOA), and iridoid oxidase (IO) (Figure 4.7 b,c,d ). The
7DLH and LAMT orthogroups, which encode cytochrome P450 and methyl transferase enzymes,
are very large and this suggests that these groups likely contain many genes that encode
alternative functions in addition to iridoid biosynthesis.

In addition to gene expression

differences, we identified one positive relationship between iridoid diversity and occupancy in
the orthogroup encoding 8-hydroxygeraniol oxidoreductase (8HGOB; P ≤ 0.01; Figure 4.5c).

Many species analyzed in this study that did not produce iridoids had no detectable GES
expression, suggesting that GES is a key gatekeeping step in iridoid biosynthesis. Despite ISY
being responsible for the iridoid scaffold formation and catalyzing the first committed step in
iridoid biosynthesis, GES is responsible for diverting metabolic flux away from canonical
monoterpenes by converting GPP to geraniol. The association of increased expression of genes
encoding upstream enzymes 1-deoxyxylulose 5-phosphate synthase (DXS; P=0.0260) and
geranylgeranyl pyrophosphate synthase large subunit (GGPPS-LSU; P=0.0011) (Figure 4.7a)
with iridoid biosynthesis is also notable. DXS is a rate-limiting step in the MEP pathway, which
provides precursors for iridoid formation (Estevez et al., 2001). GGPPS-LSU can form GPP
when acting with geranyl pyrophosphate synthase small subunit (GPPS-SSU)(Rai et al., 2013),
although it is surprising that no correlation with GPPS-SSU is observed as this protein causes the
enzyme complex to produce GPP as its major product. In Catharanthus roseus, two different
enzymes have been proposed to act as 8-hydroxygeraniol oxidoreductase, 8-hydroxygeraniol
oxidoreductase A (8HGOA; KF302069(Miettinen et al., 2014)) and 8-hydroxygeraniol
oxidoreductase B (8HGOB; AY352047(Krithika et al., 2015)). In this study, both enzyme
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expression patterns correlate significantly with the presence of iridoids, although 8HGOA shows
a more significant association (P = 0.0001 vs. P = 0.0042) while only 8HGOB shows a
significant association with orthogroup occupancy (P = 0.0083); the precise physiological and
biochemical roles of 8HGOA and 8HGOB remain to be determined experimentally.
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Figure 4.7 Iridoid biosynthesis is associated with gene expression of key pathway genes.
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Figure 4.7 Iridoid biosynthesis is associated with gene expression of key pathway genes
(continued). a, Clustering of 48 surveyed Lamiaceae species based on expression abundance of
transcripts within orthogroups of genes encoding 2-C-methyl-D-erythritol 4-phosphate/1-deoxyD-xylulose 5-phosphate (MEP) and iridoid biosynthetic enzymes. Species abbreviations are
listed in Table S1 and color-coded based on subfamily as shown in Figure 4.4. Closed circles at
the bottom of the heat map represent statistically significant differences in expression levels of
the defined orthologous group between species that produce iridoids and species that do not
produce iridoids; open circles were not significantly different. b, c, d, e, Box plots of expression
abundances of transcripts within orthologous groups for genes within the MEP and iridoid
biosynthetic pathway [(b) GPPS-LSU, (c) GES, (d) ISY, (e) IO for iridoid producers and noniridoid producers; all were significantly different between iridoid producers and non-producers.
Abbreviations for genes are listed in Figure 4.1; orthogroup identifiers are from Appendix G.

4.3.3.2 Mono- and sesqui-terpene biosynthetic pathways
Based on phylogenetic Poisson regression analyses of orthogroup occupancy and mono- and
sesqui-terpene diversity (total number of compounds in each species) for 32 orthogroups
involved in mono- and sesqui-terpene biosynthesis, a positive relationship between occupancy of
the terpene synthase b (TPSb) orthogroup and monoterpene diversity (P = 0.0000498) (Figure
4.8a) was detected. As most angiosperm monoterpene synthases belong to the TPSb subfamily
(Chen et al., 2011), this association suggests that monoterpene diversity is the result of action of
different monoterpene synthases rather than product promiscuity of a limited number of TPS
enzymes. Occupancy of orthogroups encoding GPPS-SSU (P=0.01152), loganic acid
methyltransferase (LAMT; P=0.02226), and TPSc (P=0.036571) were also positively associated
with monoterpene diversity albeit with larger p-values than observed with TPSb occupancy
(Figure 4.8; Table S9). While increased GPPS-SSU can increase flux to monoterpenes, the
contribution of the LAMT and TPSc to monoterpene diversity may be attributable to the large
size of these orthologous groups (424 and 328, respectively) and a higher degree of diversity and
associated enzymatic function.

While we observed a positive relationship between iridoid production and GES expression
(Figure 4.7c), no significant association was found between monoterpenes and GES orthogroup
expression. The absence of such association is not surprising since monoterpenes are widely
spread across non-iridoid and iridoid-producing species. In contrast, phylogenetic logistic
regression analyses revealed no significant relationships (P > 0.05; Figure 4.8b) between
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monoterpene presence/absence and expression of any orthogroup encoding upstream pathway
enzymes or typical monoterpene synthases, suggesting that the primary driver of monoterpene
diversity is gene family expansion, not altered expression. Lineage-specific expansion of terpene
synthases occurred in Eucalyptus grandis (Myburg et al., 2014), a major source of eucalyptus oil
composed primarily of the monoterpene 1,8-cineole, resulting in the largest number terpene
synthases reported in any plant genome (113).

We also found a positive trend in the relationships between orthogroup occupancy and
sesquiterpene diversity with respect to gene occupancy for TPSa and TPSe/f, the subfamilies that
include sesquiterpene synthases (Figure 4.8d; P= 0.08328 and P= 0.0517, respectively) (Chen et
al., 2011). No other terpene synthase orthogroups had a significant association with either gene
expression or gene family size as measured through orthogroup expression and occupancy,
respectively. However, the orthogroup encoding GGPPS-LSU (P = 0.0151) along with the MEP
biosynthetic pathway genes (2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS), 4hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (HDS), P = 0.0007) exhibit a significant
negative relationship between their orthogroup occupancy and sesquiterpene diversity, whereas
mevalonate diphosphate decarboxylase (MDD; P = 0.0329) exhibits a positive relationship
between orthogroup occupancy and sesquiterpene diversity. The negative correlation of
sesquiterpene biosynthesis with the MEP pathway orthogroups, along with a positive correlation
with occupancy of MDD, an enzyme of the MVA pathway, suggests that the precursors for the
sesquiterpene formation are derived mainly from the MVA pathway. Sesquiterpene production
also appeared to be positively correlated with the early iridoid biosynthetic gene geraniol 8hydroxylase (G8H; P = 0.0078), suggesting that genes within the G8H orthogroup may also
contain enzymes that derivatize sesquiterpenes.
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Figure 4.8. Monoterpene diversity is associated with gene family expansion.
a, Orthogroup occupancy within TPSb orthologous groups of Lamiaceae species as reflected by
gene number versus diversity of monoterpenes produced. Species are coded based on subfamily
classification from Fig 4.4. b, Clustering of 48 surveyed Lamiaceae species based on expression
abundance of transcripts within orthologous groups encoding 2-C-methyl-D-erythritol 4phosphate/1-deoxy-D-xylulose 5-phosphate (MEP) and terpene biosynthesis. Species
abbreviations are listed in Appendix B and color-coded based on subfamily as shown in Figure
4.4.
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Figure 4.8 (continued) Heat maps near the four-letter species code reflect the number of
monoterpenes (green) and sesquiterpenes (purple) detected from GCMS. Abbreviations for genes
are listed in Figure 4.1; orthogroup identifiers are from Appendix G. c, d, Orthogroup occupancy
within TPSc relative to monoterpene diversity (c) and orthogroup occupancy of TPSa and
sesquiterpene diversity (d). Species are coded based on subfamily classification from Figure 4.4.
4.4

Discussion

Results from this study, combined with previously reported metabolite profiles of mints, have led
to new insights into how the diversity of terpenes correlates with phylogeny, and how the
combined chemical, genomic, and phylogenetic approach employed here can elucidate the
mechanisms controlling this chemical diversity in leaf tissue. It was previously proposed that the
absence of iridoids in the majority of the Nepetoideae species is due to an inactivation of the
biosynthetic genes involved (Wink, 2003). However, we found that most orthogroups containing
iridoid biosynthetic genes were expressed in all Nepetoideae species. The stereochemistry of
iridoids in Nepeta compared to those from other Lamiaceae (8S vs. 8R) also highlights the
unique nature of iridoid cyclization in Nepeta. Furthermore, iridoids in Nepeta have likely been
re-purposed for different roles than the iridoid glucosides typical of Lamiaceae. The
nepetalactones of Nepeta are volatile and resemble sex pheromones of certain insects, and
therefore seem to have a role in plant-insect communication (Birkett et al., 2011). Iridoid
glycosides are known to serve as defensive compounds (Konno et al., 1999), though the
ecological roles for iridoid glycosides in Lamiaceae species have not been extensively explored.
However, it is likely that the biological function and mode of action of non-volatile iridoids are
different from those of the volatile nepetalactones. Regardless, in Nepetoideae, mono- and
sesqui-terpene volatiles appear to have usurped non-volatile iridoid glycosides as key defense
compounds.

In contrast, monoterpene diversity was associated with gene expansion in the TPSb orthogroup,
suggesting that the diversity of monoterpenes may be caused by the presence of additional
monoterpene synthases that generate a range of monoterpene structures instead of increasing
product promiscuity of a limited number of TPS enzymes. Neither orthogroup expression levels
nor numbers of terpene synthases are associated with sesquiterpene presence or diversity.
However, a positive correlation with occupancy of MDD involved in the MVA pathway, as well
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as negative relationships with orthogroups associated with the parallel MEP pathway, were
associated with sesquiterpene diversity, suggesting that sesquiterpenes are predominantly derived
from the MVA pathway and that limited crosstalk between the plastidic (MEP) and cytosolic
(MVA) pools of terpene precursors (Figure 4.1) occurs in Lamiaceae.

Expression levels of the GES orthogroup, which is the first branch point of iridoid synthesis,
where the central GPP precursor is diverted to geraniol, appear to play a key role in controlling
iridoid production. The lack of detection of volatile geraniol in iridoid-producing plants, suggests
that geranyl-8-hydroxylase efficiently directs geraniol towards iridoid formation without its
release. Although GES is present in a few species that, based on our analyses, do not produce
iridoids, the loss of GES or lack of its expression is, in general, associated with loss of iridoid
production. We hypothesize that GES is a major point that controls GPP flux from canonical
monoterpenes to iridoids.

Our study shows the power of conducting detailed chemical analyses in a phylogenetic context
with robust sequence and expression datasets. This combined chemical-genomic-phylogenetic
approach provided novel insights into chemical and genome evolution in the mint family (Figure
4.9). In leaf tissue, production of iridoids and canonical monoterpenes appeared to be, in general,
inversely correlated, with the production of iridoids being strongly associated with enhanced
gene expression, while in contrast, expansion of a terpene synthase family appears to account for
increased monoterpene diversity. Overall, these results suggest that multiple mechanisms
contribute to the chemical diversity within the family. Chemical diversity was also significantly
associated with GES, a key step controlling iridoid biosynthesis that diverts metabolic flux away
from canonical monoterpenes, suggesting that competition for common precursors can be a
central control point in specialized metabolism. In summary, this multifaceted approach
highlights the multiple evolutionary mechanisms involved in generating biochemical diversity
and the evolutionary dynamics in a chemically rich clade of plants.
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Figure 4.9. Chemical diversity across Lamiaceae. Phylogeny of Lamiaceae showing diversity of
sesquiterpenes and iridoids (heat maps) and monoterpene diversity (bar graph) prepared with
GraPhlAn (Asnicar et al., 2015).
Species shown are color coded as shown in Figure 4.4 and include Mentha x piperita known for
menthol production which is associated with the flavor of peppermint, Nepeta cataria with the
volatile iridoid nepetalactone, the active compound in catnip, Vitex agnus-castus (chaste tree),
which produces the iridoid glycoside agnuside, Tectona grandis (teak) which produces
caryophllene, and Prostanthera lasianthos, (Victorian Christmas bush) which produces
perrillaldehyde. Photos courtesy of H. Zell (V. agnus-castus), L. Allison (P. lasianthos), P.
Jeganathan (T. grandis), and Evan-Amos (peppermint) via the Creative Commons Attribution
Share Alike license.
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4.5
4.5.1

Methods
Selection of species

Phylogenetic relationships within Lamiaceae have proven difficult to disentangle (Bendiksby,
2011; Chen, 2014; Li et al., 2016; Li, 2012) (Fig. S1). The most recent multi-gene analyses
provide support for the presence of five major subclades [e.g. Ajugoideae (~760 species),
Lamioideae (~1200 species), Prostantheroideae (~320 species), Scutellarioideae (~380 species),
and Nepetoideae (~3500 species)] and a phylogenetic framework for the family (Li et al., 2016).
A summary tree that reflected our best understanding of Lamiaceae phylogeny guided an
evolutionarily based sampling scheme to analyze chemical diversity (Table S1). Species from 11
of 12 recognized subclades (48 total species) represent the phylogenetic diversity of Lamiaceae
(Cymarioideae were recently described and are not represented in our sampling (Li et al., 2016)).
4.5.2

Germplasm and tissues used in this study

Accessions for nearly all 52 species of Lamiales investigated were obtained from commercial
nurseries or botanical gardens (Table S1) and grown in a greenhouse prior to verification of
species identification and sampling. A few samples, such as the tree Tectona grandis L. f. (teak),
were obtained from botanical gardens and sampled in situ. Fully expanded young leaves were
harvested from mature, vegetative plants of each species; however, for a few species, the plants
were flowering at the time of leaf tissue collection (Table S1). To obtain sufficient tissue for both
chemical profiling and transcriptome analysis, it was occasionally necessary to include older
leaves as well as the targeted young leaves. Tissue was sampled from a single individual (see
photographs on Dryad Digital Repository), except for four species with extremely small leaves
for which it was necessary to combine leaves from multiple individuals (Table S1). Tissue was
ground into a fine powder, and divided into aliquots to permit sampling of the same tissue pool
for metabolite and transcriptome analyses. Genome size (Table S1) was estimated from leaf
tissues at the Benaroya Research Institute at Virginia Mason Flow Cytometry Facility.
4.5.3

RNA isolation, transcriptome sequencing, assembly, and annotation

RNA isolation, RNA-seq libraries construction, sequencing, assembly, annotation and expression
abundance estimations are described in the SI Text. Expression abundances of orthogroups in
MEP, iridoid, and terpene synthase pathways were converted to z-scores ([log2(orthogroup
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FPKM) – (species mean FPKM)] / (standard deviation of species FPKMs)), which were used to
generate an expression heatmap using the ComplexHeatmap package in RStudio (v1.0.136).
4.5.4

Orthologous/paralogous groups, single-copy nuclear gene discovery and phylogeny
reconstruction

Orthogroups were detected with OrthoFinder (Emms and Kelly, 2015) (v 0.7.1) using
Transdecoder-predicted peptide sequences (Haas et al., 2013) (see SI Text for details). Coding
sequences (CDS) predicted by Transdecoder from representative transcripts for 48 Lamiaceae
and 4 outgroup taxa were processed with MarkerMiner (Chamala et al., 2015) (v 1.2) using
default settings to identify single-copy nuclear (SCN) genes for phylogenetic analysis.
Phylogenetic relationships were reconstructed from the 520 aligned loci (Tables S2, S3) using (i)
supermatrix and (ii) coalescent-based species tree methods (see SI Text for details).
4.5.5

Metabolite analyses

For analysis of monoterpenes, sesquiterpenes, and volatile iridoids, metabolites were extracted
from ground plant tissue as described in the SI Text and injected on the GC-MS as previously
described (Dudareva et al., 2005). Monoterpenes were identified using m/z values characteristic
of isoprenes (m/z 69), monoterpenes (m/z 137), and monoterpene alcohols (m/z 155) and
confirmed by Agilent GC/MSD ChemStation. Sesquiterpenes were identified using m/z values
for isoprenes and sesquiterpenes (m/z 204). Iridoid glycosides were extracted as described in the
SI Text and initial analysis of all 52 leaf tissue samples was performed using an ultraperformance liquid chromatography (UPLC) Shimadzu IT-ToF/MS (ion-trap time of flight-MS;
Shimadzu Corp., Kyoto, Japan), equipped with an electrospray ionization (ESI) source and
detailed methods are described in the SI Text. An additional, second analysis (30 species: all
outgroups, all non-Nepetoideae species, and both Nepeta species) was performed using a high
definition UPLC Acquity Synapt G2Si Q-ToF (quadrupole time of flight) tandem MS instrument
(SI Text).
4.5.6

Ancestral state reconstructions and phylogenetic signal

Chemical diversity data (3 chemical classes and 83 compounds; Tables S4, S5, S7) for all
species were scored as binary (presence/absence) traits, and the evolutionary history of each
compound or compound class was reconstructed across the ML topology using ML methods as

106

107
implemented in Mesquite 3.11 (http:// mesquiteproject.org; SI Text). Phylogenetic signal was
measured for 92 selected traits (Table S6) and used to test if species’ traits are randomly
distributed across the phylogeny (Fig. 2) or clustered as the result of shared ancestry. All
analyses were conducted using an ultrametric version of our ML topology (Fig. 2) that was
generated using Sanderson’s (2002) penalized likelihood with cross-validation to estimate λ
(‘chronopl’ function in the APE package; https://cran.r-project.org/web/packages/ape/index.html;
SI Text).
4.5.7

Statistical analyses of chemical and genomic traits

Species are part of a hierarchically structured phylogeny, and, for statistical purposes, any trait
data observed across species should be considered non-independent (Felsenstein, 1985). When
available, statistical methods that accounted for phylogenetic relationships among species were
used to test hypotheses and model relationships using discrete and continuous chemical (e.g.
presence/absence, diversity, and abundance) and genomic (e.g., orthogroup occupancy and
expression) traits. All analyses were conducted using an ultrametric version of the ML tree with
outgroups removed (methods above). Phylogenetic regression models were built for chemical
traits (presence/absence and diversity) against the two genomic variables (orthogroup occupancy
and expression). The analyses were implemented with the ‘phyloglm’ function of the ‘phylolm’
R package (https://cran.r-project.org/web/packages/phylolm/phylolm.pdf). To investigate the
influence of gene family size on chemical diversity traits, phylogenetic Poisson regression
(Paradis, 2002) models were built using species count data representing the number of iridoid,
monoterpene, and sesquiterpene compounds (response variables) and species orthogroup
occupancies (predictor variables). The influence of orthogroup expression on binary chemical
traits was also investigated. For these analyses, phylogenetic logistic regression (Ho and Ane,
2014; Ives, 2010) models were built using iridoid, monoterpene, and sesquiterpene
presence/absence data (binary response variables) and orthogroup expression z-scores
(continuous predictor variables). The “logistic_MPLE” option was used to maximize the
penalized likelihood in all logistic regressions.
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CHAPTER 5.

5.1

CONCLUSION

Phenotypic effects of RcMPD overexpression in plants

In Chapter 3, we showed that transgenic tobacco overexpressing the Roseiflexus castenholzii
phosphomevalonate decarboxylase (MPD) had enhanced sterol formation and mono- and
sesquiterpene formation (Figure 3.10). Likewise, we showed that these transgenic tobacco plants
could be utilized as an engineering platform for even higher terpenoid formation with the
transient overexpression of 3-hydroxy-3-methylglutaryl CoA reductase (HMGR) (Figure 3.11)
and we were able to show production of non-native terpenoids by the introduction of the
Sanatalum album santalene synthase (SaSSy) (Figure 3.13). Despite the increases in secondary
metabolites, we saw no changes in the primary metabolites ubiquinones, plastoquinone,
tocopherols, and phylloquinone (Figure 3.12).

Indirect effects of enhanced terpenoids in the MPD transgenic tobacco lines were also measured.
To test whether the increase in terpenoid formation in MPD overexpressing lines enhances plant
fitness, leaves of MPD-4 line, were fed to second-instar larvae of Manduca sexta and net weight
gain was measured after two days of feeding. Caterpillars on the MPD-4 leaves gained, on
average, 28% less weight than those on the wild type (Figure 5.1), suggesting that increased
levels of mono- and sesquiterpenes in MPD line elevates leaf resistance to herbivores and
negatively influences feeding behavior and/or growth of tobacco hornworms.

Other indirect effects of increased flux towards IPP biosynthesis in MPD tobacco lines were
measured. Chlorophyll and carotenoid biosynthesis was modestly increased in MPD-4 tobacco
leaves compared to wild type (Figure 5.2 A,B). Additionally, respiration in both IPK and MPD
transgenic plants was measured by the release of CO2 from tobacco leaves and resulted in
significant increases in photosynthesis compared to wild type (Figure 5.2 C). These plants also
had an observed phenotype of enhanced branching which could be the result of increased
brassinosteroids and gibberellins but were never measured in these transgenic lines.
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There is one aspect of the MVA and MEP pathways that has been highly disputed over several
studies: the localization of the IPP isomerase (IPI). Different approaches have been utilized
within different species to study the localization of these proteins. Arabidopsis have two
orthologs for IPI, both with different transcription start sites: IPI1S, IPI1L, IPI2S, and IPI2L1.
The IPI1L was localized to the mitochondria while both IPI1L and IPI2L were found in the
chloroplast. This study showed that IPI1S and IPI2S were both localized to the peroxisomes;
however, they exhibit localization within the cytoplasm that the researchers label to be
mislocalization. Conversely, localization studies of the isomerase in Nicotiana tabacum indicate
that IPI1 is in the chloroplast while IPI2 is in the cytoplasm2. We found an additional IPI in
Nicotiana tabacum and decided to determine the subcelluar localization of this protein compared
to IPI1 and IPI2. Nicotiana benthiamiana leaves were overexpressed with constructs
overexpressing NtIPI1, NtIPI2, or NtIPI3 attached to either an N-terminal or C-terminal GFP tag.
After 2 days, the cells were analyzed on a laser confocal microscope and we observed dual
localization for IPI1 and IPI3. IPI1 showed both chloroplast (Figure 5.3 A; Figure 5.4 A; Figure
5.5 A) and mitochondria (Figure 5.3 B; Figure 5.4 B; Figure 5.5 B) localization. IPI3 exhibited
both chloroplast (Figure 5.3 E; Figure 5.4 E; Figure 5.5 E) and peroxisome (Figure 5.3 F; Figure
5.4 F; Figure 5.5 F) localization while IPI2 only appeared in the cytoplasm (Figure 5.3 C,D;
Figure 5.4 C,D; Figure 5.5 C,D). While these results add to the confounding data on IPI
localization, it is plausible that an isomerase would exist in the mitochondria, cytoplasm,
chloroplast and peroxisome as IPP is found in each of these compartments.

In order to determine whether other MPDs had the same effect on terpenoid formation, we
transiently overexpressed MPD from Anaerolinea thermophila in tobacco leaves. This MPD is
different from that of Roseiflexus castenholzii due to its ability to utilize both MVAP and
MVAPP (Table 5.1). As there are no obvious transit peptide sequences, this bifunctional enzyme
is likely localized in the cytoplasm where it can only take up MVAP. Overexpression of AtMPD
in tobacco display significant increases in sesquiterpene emission but no significant increases in
monoterpene emission (Figure 5.6). As these are only transient overexpression experiments and
not all cells are equally transformed, repetitions of this overexpression may be necessary or the
generation of stable transgenic lines may be a better alternative.
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To further test the production of a purely cytosolic MVA pathway, Flavobacterium johnsonia
PMK and MDD were transiently overexpressed in tobacco. These lines showed increases to both
mono- and sesquiterpene emission (Figure 5.6). It is unclear whether this increase compared to
AtMPD is due to overexpression of two genes or whether this pathway is more efficient for IPP
biosynthesis thus increasing flux to the chloroplast. To test this hypothesis, IPK would need to be
overexpressed with MPD and expression of all lines would need to be checked. In order to get
the most accurate results, stable lines of MPD/IPK and cPMK/cMDD would need to be generated.

Figure 5.1 Weight gain of Manduca sexta on phosphomevalonate decarboxylase (MPD)
transgenic tobacco and wild-type (WT) tobacco leaves.
A. Net weight gain of five second-instar larvae of Manduca sexta after 48 hours of feeding on
wild type and MPD tobacco leaves. B. Feeding patterns of larvae after 48 hours of feeding. Data
are means ± s.e.m. (n ≥ 3). *, P<0.05 (Student’s t-test).
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Figure 5.2 Effects of increased cytosolic IPP on MEP-derived terpenoid products.
A. Measurements of chlorophyll A and B from young tobacco leaves. B. Measurements of
carotenoids from the young tobacco leaves. C. Measurements of cellular photosynthesis via CO2
uptake in tobacco leaves. Data are means ± s.e.m. (n ≥ 3). *, P<0.05 (Student’s t-test).
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Figure 5.3 Co-localization of Nicotiana tabacum isopentenyl pyrophosphate isomerases (NtIPI)
with the mitochondrial marker (mt-rk).
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Figure 5.3 (continued). The left panels show GFP alone, the middle panels show RFP of the
mitochondrial marker mt-rk, and the right panels show a merge of the two channels. A, C, and E
show C-terminal GFP tagged proteins. B, D, and F show N-terminal GFP tagged proteins. A-B,
NtIPI1; C-D, NtIPI2, E-F, NtIPI3.
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Figure 5.4 Co-localization of Nicotiana tabacum isopentenyl pyrophosphate isomerases (NtIPI)
with the peroxisomal marker (px-rk).
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Figure 5.4 (continued). The left panels show GFP alone, the middle panels show RFP of the
peroxisomal marker px-rk, and the right panels show a merge of the two channels. A, C, and E
show C-terminal GFP tagged proteins. B, D, and F show N-terminal GFP tagged proteins. A-B,
NtIPI1; C-D, NtIPI2, E-F, NtIPI3.
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Figure 5.5 Co-localization of Nicotiana tabacum isopentenyl pyrophosphate isomerases (NtIPI)
with the chloroplast marker (pt-rk).
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Figure 5.5 (continued). The left panels show GFP alone, the middle panels show RFP of the
plastidial marker pt-rk, and the right panels show a merge of the two channels. A, C, and E show
C-terminal GFP tagged proteins. B, D, and F show N-terminal GFP tagged proteins. A-B, NtIPI1;
C-D, NtIPI2, E-F, NtIPI3.
Table 5.1 Enzyme kinetics for phosphomevalonate decarboxylase (MPD) in archaebacteria.
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Figure 5.6 Transient overexpression of Anaerolinea thermophila phosphomevalonate
decarboxylase (MPD) and Flavobacterium johnsoniae cytosolic phosphomevalonate kinase
(cPMK) and mevalonate diphosphate decarboxylase (cMDD).
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Figure 5.6 (continued) Emission of mono- (β-ocimene and linalool) and sesqui-(β-caryophyllene
and epi-arisolochene) terpenes from EV-control, A.thermo MPD, and F. john PMK/MDD
transiently expressed tobacco leaves. Data are means ± s.e.m. (n ≥ 3). *, P<0.05 (Student’s t-test).
5.2

Remaining questions and concluding remarks

One question about terpenoid biosynthesis that has arisen from this work with IPK is whether or
not an IPK exists in the chloroplast. A plastidial IPK from peppermint (Mentha × piperita) was
characterized suggesting the presence of IP and isopentenol in the chloroplast; however, it
remained unclear whether IP and isopentenol were synthesized in the chloroplast or transported
from the cytoplasm3. In part to its similarity to 4-(cytidine 5’-diphospho)-2-C-methyl-Derythritol kinase (CMK), no other plastidial IPK has been reported in plants to date. To test
whether a pool of IP and/or DMAP exists in the plastids, we fused the chloroplast targeting
sequence from Arabidopsis Rubisco activase (RA) to the coding sequence of AtIPK. Subcellular
localization shows pIPK localizing to the thykaloid regions of the chloroplast (Figure 5.7).
Transgenic tobacco lines were then generated overexpressing pIPK under control of a 35S
promoter (Figure 5.8 A). The three highest expressing lines showed significant increases in
monoterpene emission but not in sesquiterpene emission (Figure 5.8 B) suggesting that (a) a pool
of IP exists in the chloroplast and (b) increased IPP in the chloroplast was not transported to the
cytoplasm. In order to determine the source of IP in the chloroplast, inhibitor studies blocking
the MVA or the MEP pathway would be required. If pIPK leaves treated with fosmidomycin
show no significant difference in monoterpene emission from wild type then the IP is likely
generated in the chloroplast; therefore, a phosphatase in the chloroplast exists separate from
Nudx1 and Nudx3.

One experiment that we were never able to complete was to determine the pool sizes of monoand pyrophosphates in plant tissue. We were able to detect standards of IP, IPP, GPP, and FPP
on an LC-MS but we were not able to separate isomers DMAP from IP and DMAPP from IPP.
Likewise, we were never able to measure these phosphates from plant tissue. One report suggests
that these pool sizes can be measure from the trichomes of approximately 25 tobacco plants4
while other studies utilize radiolabeled substrates and a reversed-phase HPLC5. We also
hypothesize that the reason for high sensitivity in determining these pool sizes is due to fast
turnover of metabolites from IPP/DMAPP to IP/DMAP or FPP and GPP.
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Finally, despite centuries of research on terpenoid biosynthesis, questions still remain about
regulation of and cross talk between the MVA and MEP pathways. Many times during the course
of the research presented here, the question of the transporters arose. There are at least four
major transporters for metabolites from these pathways: transport of MVAP into the peroxisome,
transport of IPP and/or DMAPP out of the peroxisome, transport between the chloroplast and
cytoplasm, and transport of IPP to the mitochondria. None of these transporters have been fully
characterized in plants. While some research has identified regulation of HMGR and DXS as
well as post-translational modifications of downstream terpene synthases, questions about
regulation remain as some doubt that HMGR is the rate-limiting step of the MVA pathway and
many believe that signal transduction plays a significant role on regulating flux of of these
metabolites6. The hope is that this research helped provide some insight into these complex and
vital pathways.
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Figure 5.7 Co-localization of the chloroplast-directed isopentenyl phosphate kinase (pIPK) with
chlorophyll autofluorescence.
The left panels show GFP alone, the middle panels show RFP of the plastidial marker pt-rk, and
the right panels show a merge of the two channels. A. pIPK fused to a C-terminal GFP B. pIPK
fused to an N-terminal GFP.
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Figure 5.8 Characterization of isopentenyl phosphate kinase targeted to the chloroplast (pIPK) in
stable Nicotiana tabacum transgenic plants.
A. Expression of a region spanning the rubisco activase (RA)-IPK fusion in transgenic tobacco
lines. B. Emission of mono- (β-ocimene and linalool) and sesqui-(β-caryophyllene and epiarisolochene) terpenes from the three highest expressing pIPK tobacco lines. Data are means ±
s.e.m. (n ≥ 3). *, P<0.05 (Student’s t-test).
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Figure 5.9 Detection of standards of MVA and MEP-derived phosphates.
5.3
5.3.1

Materials and methods
Tobacco hornworm feedings.

Young leaves of wild-type and RcMPD-4 tobacco plants were placed on wet filter paper in a
petri dish. Five second instar larvae of Manduca sexta were placed on each leaf and allowed to
feed for 48 hours. The masses of each larvae was taken before and after feeding.
5.3.2

Chlorophyll and carotenoid extraction and photosynthesis measurements

Leaf tissue from WT and RcMPD-4 were extracted three times in 95% ethanol in the dark. The
extracts were measured at A664.2, A648.6, and A470 and concentrations were calculated as shown
previously7. CO2 uptake was measured using the LI-COR LI 6400 system (Lincoln, NE).
5.3.3

Subcellular localization

The ORFs of NtIPI1, NtIPI2, NtIPI3, and pIPK was cloned into binary vectors pK7FWG2 and
pK7WGF2 with and without stop codons to generate N- and C-terminal GFP-fusion constructs,
respectively. mCherry markers for peroxisome (px-rk CD3-983), chloroplast (pt-rk CD3-999)
and mitochondria (mt-rk CD3-991) were coinfiltrated with GFP constructs. Constructs, markers,
and empty vector controls were transformed into Agrobacterium (EHA105) and infiltrated into
3-week-old Nicotiana benthamiana leaves as previously described in Chapter 3.
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5.3.4

Transient overexpression and generation of stable transgenic tobacco lines

Transient overexpression and generation of stable transgenic lines were performed as previously
described in Chapter 3. The coding sequence of Rubisco activase (RA, At2g29730) was fused to
IPK by introduction of a BamHI site and transformed into the binary vector pB2GW7.
5.3.5

Detection of isoprenoid phosphate standards

Standards of IPP, DMAPP, IP, DMAP, FPP, GPP, and GGPP were purchase from Isoprenoids
(Tampa, FL). Standards were run on an PLC-20 AD system from Shimadzu (Columbia, MD)
and separated by Supelco Cyclobond I 2000 (β-cyclodextrin) (Oklahoma City, OK) at a column
temperature of 40°C and a flow rate of 0.75 mL/min using a linear gradient of aqueous solvent A
(2.5 mM ammonium acetate in water, adjusted to pH 5.3 using glacial acetic acid) and organic
solvent B (acetonitrile).
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APPENDIX A. COEXPRESSING WITH AT PK GENES
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Table 4.2 (continued). Relative amount of monoterpenes in mint species surveyed (nmol/gFW) (n=3).
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Table 4.2 (continued). Relative amount of monoterpenes in mint species surveyed (nmol/gFW) (n=3).
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APPENDIX D. SESQUITERPENES OBSERVED IN MINT SPECIES SURVEYED
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Table 4.3 (continued). Relative amount of sesquiterpenes in mint species surveyed (nmol/gFW) (n=3).
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APPENDIX E. CORRELATIONS BETWEEN MINT TRAITS
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Table 4.4 Estimates of phylogenetic signal in continuous and selected binary traits. Species-specific binary traits indicated with an
asterisk were excluded. The number of taxa with trait data (N) is indicated for all analyses. Significance was evaluated at α = 0.05 (n.s.
= not significant).
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Table 4.4 (continued). Estimates of phylogenetic signal in continuous and selected binary traits.
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Table 4.4 (continued). Estimates of phylogenetic signal in continuous and selected binary traits.
140

141

APPENDIX F. IRIDOID GLUCOSIDES IN SURVEYED MINT SPECIES
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